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NIR spectroscopy has already been exploited for real-time monitoring of 
critical quality attributes of smooth roller compacted flakes. However, there 
has been no reported research undertaken on the undulated flakes. 
Furthermore, the comminution of flakes which has enormous impact on 
manufacturing of finished dosage forms has also not been well studied. The 
first section of this study was directed at assessing the use of NIR 
spectroscopy for the real-time process monitoring of undulated flakes 
production. It was shown that NIR spectroscopy could successfully monitor 
content uniformity and critical quality attributes (tensile strength, Young’s 
modulus and relative density) of undulated flakes by appropriate selection of 
spectral acquisition mode, NIR probe positioning, spectral preprocessing 
method and beam size. In the second section of the study, the cone milling 
process for undulated roller compacted flakes was studied. Impeller sidearm 
shape, screen surface profile and impeller speed showed significant influence 
on granule attributes, fines generated, energy consumed and milling rate.  A 
study on the applicability NIR real-time monitoring for the prediction of the 
post-milled granule attributes, percent fines, energy consumption and milling 
rate was also carried out. Real-time NIR predicted data suggested that granule 
attributes could be successfully predicted with a high level of accuracy in an 
efficient and non-destructive manner. Overall, findings from this project study 
serve as a step forward towards achieving the objectives using process 
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1.1 Roller compaction 
Roller compaction is an agglomeration process where the powder is densified 
between two counter rotating rolls by the application of mechanical pressure 
as powder passes through the rolls (Inghelbrecht and Remon, 1998a; Murray 
et al., 1998). The friction between roll surfaces and feed material drags the 
powder into the narrow space between the two counter rotating rolls where the 
feed powder is subjected to great pressure. As the pressure goes up further, the 
particles deform, fragment and bond together to form compacted flakes. The 
roll’s surfaces may be smooth, fluted or knurled and feed material will be 
compacted into dense sheet-like strip or often referred as ribbon-like flakes. If 
the roll’s surface contains pockets, then the compacted material will be 
presented as dense briquettes of almond shape or stick-like. The path through 
which feed material passes during roller compaction can be sub-divided into 
three zones: (a) feeding zone, where the stress is moderate and densification is 
solely due to rearrangement of particles; (b) compaction zone, where the 
pressing force becomes effective and the particle deform plastically and/or 
break; and (c) extrusion zone, where pressure eases and compact is released. 
The boundary between the feeding zone and the compaction zone to the mid-
point between the rolls is called the nip or gripping angle (Guigon and Simon, 
2003). Nip angle size is mainly affected by two key factors, namely, surface 
friction and the internal friction (friction of material). Highly compressible 
materials tend to have large nip angles (~300) whereas poorly or 
incompressible materials have smaller nip angles (~7-100). 
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Roller compaction as a dry granulation process has been widely used in many 
industries since the end of the 19th century. Although roller compaction has 
been used in the pharmaceutical industry for more than 50 years, it has 
recently drawn more attention because of some limitations with wet 
granulation and need to improve manufacturing efficiencies. A number of new 
active pharmaceutical ingredients (API) cannot be formulated easily by wet 
granulation and the need to dry granulation because of their moisture and heat 
sensitivities. Therefore, such APIs require the use of dry granulation processes 
to ensure the production of stable solid dosage forms (Miller and Sheskey, 
2007). 
Roller compaction is a simple, continuous and relatively inexpensive process 
that does not require any wetting and drying steps. It is environmentally 
friendly and especially attractive for heat, moisture and solvent sensitive 
drugs. In addition, formulations containing high concentrations of hydrophilic 
polymers can be granulated by roller compaction with much less complexity 
or challenges (Sheskey et al., 1994). It is easily scalable, allows continuous 
manufacturing and has relatively low operational and maintenance costs.  
Roller compaction has been employed to improve the flow characteristics of 
powders for tabletting and capsule filling (Miller and Sheskey, 2007). It is a 
useful alternative to wet granulation process as it excludes the possible 
degradation caused by heat or moisture associated with the wet granulation 
process, thus ensuring product stability. It is also useful for the enhancement 
of dissolution properties of sparingly water soluble drugs (Mitchell et al., 
2003). In some cases, the capping tendency of tablet may also be reduced. 
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Dust problems are minimized and the die filling during tabletting is improved 
by the use of roller compacted granules instead of powders. Lastly, the bulk 
density of powders can be increased by roller compaction, thereby improving 
material handling and transport by minimizing the overall bulk volume. 
1.1.1 Factors affecting roller compaction process 
The fundamental mechanisms of roller compaction are complex, and like other 
manufacturing processes, product quality and performance depend upon raw 
material properties, equipment design and process variables 
1.1.1.1 Raw material properties 
Raw material properties such as particle size and shape have been reported to 
affect the compaction properties of the flakes, post-milled granule particle size 
distribution, flowability and compaction properties of the tablets (Bacher et 
al., 2007; Bacher et al., 2008). Studies have shown that fine particles are more 
compactable than coarse particles. However, the effect of particles size on 
compaction properties depends on the type of material. The compaction 
properties of plastic materials are more likely to change with particle size than 
brittle materials (Tye et al., 2005; Wu and Sun, 2007). This effect can be best 
explained by particle bonding theory. In roller compaction process, particles 
undergo rearrangement, deformation, fragmentation, and bonding. At high 
pressure, plastic materials like microcrystalline cellulose (MCC) deform and 
bond without propagating extensive crack. Larger plastic granules have less 
surface area available for bonding, leading to the production of tablets with 
lower tensile strength (Sun and Himmelspach, 2006).  In roller compaction, 
MCC also loses its compactibility after repeated compaction, possibly due to 
granule size enlargement. Therefore, tableting properties of these granules 
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were determined by size and surface properties of the granules but not by 
those of the original MCC particles. On the other hand, brittle materials under 
high pressure fragment to create new surfaces for bonding. Thus, the 
tabletability of the brittle granules produced by roller compaction is relatively 
insensitive to granule size enlargement (Wu and Sun, 2007). However, 
Riepma et al. (1993) reported that the type of lactose and the granule size had 
an impact on the granule compactibility.  
Selection of proper size and morphological form of particles is important to 
control the flowability and mechanical strength of tablets. Inghelbrecht and 
Remon (1998b) studied the influence of lactose particle morphology on the 
properties of granules produced by roller compaction and they found a 
relationship between these two. Bacher et al. (2007) reported that an ideal 
morphological form of calcium carbonate improved the flowability of granules 
and produced tablets of acceptable mechanical strength. In another study, 
Herting and Kleinebudde (2007) showed that small sized microcrystalline 
cellulose and theophylline particles improved flowability of granules and 
increased tensile strength of tablets made from such powders and granules. 
1.1.1.2 Roller compactor design 
There are several factors to consider in roller compactor selection, such as the 
roll design, the roll surface and the feeder design. Over the years, much 
attention had been directed at the roller compactor design to improve overall 





• Roll design 
Roll design varies among different manufacturers. Roll designs are different in 
terms of orientation, mounting, arrangement and pressurizing system. As 
shown in Figure 1, the rolls could be mounted in a horizontal (Bepex, Freund, 
Fitzpatrick, Komarek, Sahut-Conreur), inclined (Gerteis) or vertical 
(Alexanderwerk) orientation (Guigon and Simon, 2003). The roll orientation 
also determines feeder orientation. Horizontally aligned rolls may be equipped 
with either an inclined or vertical feeder. 
 
Figure 1: Roll orientations. (a) horizontal; (b) inclined; (c) vertical (Guigon 
and Simon, 2003)  
  
• Roll surface 
Manufacturers also offer variety of choices for the roll surface design. Shape 
and surface texture of flakes depend on the pattern of the roll surface. The 
surface of the rolls may be smooth, corrugated or fluted (Figure 2). Smooth 
and corrugated rolls are the most commonly used in pharmaceutical industry. 
Smooth rolls can minimize sticking problems and reduce the amount of 
lubricant needed. They are widely used when powder gripping is not an issue. 
When the lack of gripping force leads to inadequate feeding and uneven 
compact density, corrugated roll surface is more effective for such materials as 
it can effectively drag the feed materials into the roll gripping region with 
greater force (Johanson, 1965) but the potential for material sticking may be 
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an issue in some cases. Corrugated rolls are therefore particularly suitable for 
increasing bulk density of light, fluffy, aerated materials. The granules 
resulted from corrugated rolls were reported to exhibit lower tap and bulk 
densities compared to products from smooth rolls. However, there were no 
significant differences observed in particle size distribution of granules, 
crushing strength and drug release profile of tablets produced from the 
respective granules. This was reported to be due to the fact that corrugated roll 
surfaces exert uneven pressure on the powder being compacted and increased 
flake thickness, as serration drew powder onto the roll surface. (Daugherity 




Figure 2: Roll surfaces (a) smooth roll; (b) corrugated; (c) fluted (modified 










• Feeder design 
Feeding system controls the consistency and evenness of the powder feed 
between two counter-rotating rolls and thereby determines the quality of 
flakes. The feeder can be either a gravity feeder or a force feeder. The 
orientation of the feeder depends on the roller compactor design and it could 
be vertical, horizontal or inclined. Feeder designs are important towards 
ensuring a positive pressure to feed the powder and provide a more versatile 
means for feed control. 
1.1.1.3 Processing variables 
The critical processing variables of roller compaction are compaction force, 
roll speed and feeder screw speed. They are needed to be well-balanced in 
order to ensure desirable process feasibility, flake quality and post-milled 
granule tabletability.  
• Compaction force 
A minimum force is required to compact the loose powder into flakes. As 
previously described, solid particles undergo densification, deformation or 
fragmentation and bonding under pressure to form flakes. Higher compaction 
force leads to the formation of stronger flakes with a lower porosity and less 
fines (Bacher et al., 2007; Freitag and Kleinebudde, 2003; Inghelbrecht and 
Remon, 1998a; Kawashima et al., 1993). Excessive compaction force may 
produce highly dense flakes and result in poor granule quality. Since the 
purpose of roller compaction is to produce granules for compression, highly 
dense flakes tend to result in loss of granules’ compactibility (Freitag and 
Kleinebudde, 2003; Malkowska et al., 1983; Sun and Himmelspach, 2006; 
Sheskey and Cabelka, 1992). As a result, tablets produced from over-
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compressed granules may suffer from low hardness and high friability. This is 
particularly prominent for plastically deformed materials like MCC 
(Inghelbrecht and Remon, 1998a).  
For brittle material like lactose where fragmentation is the main mechanism of 
bonding between particles, compaction force may become the most important 
factor in controlling flake as well as granule quality. Inghelbrecht and Remon 
(1998b) investigated the roller compaction of various lactose and found out 
compaction force was the most important factor that controls the quality of a 
good compact. Wu and Sun (2007) also pointed out that brittle granules are 
relatively insensitive to compactibility loss.  
• Feeding screw speed  
For roller compactor equipped with force feeder, screw speed is another 
critical process parameter which controls the granule quality. Feed screws do 
not only convey the feed material from the storage hopper to the compaction 
zone by the force generated from a rotating flight but they also help to pre-
compress the feed in process by deaeration. Screw speed varies widely with 
the powder properties and compaction force. Low screw speed may supply 
insufficient material to the compaction zone and results in poor or variable 
flake strength. High screw speed may supply excessive powder to the 
compaction zone, causing a highly densified zone in the nip area, and even 
results in the melting or caking of materials on the flight, which may interrupt 
powder flow. Too high or too low screw speed may result in inferior quality 
product or even batch failure. It should be noted that a high screw speed is not 
always the solution for poor powder flow. Other factors such as formulation 
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modification, proper deaeration or the addition of a feeder vibrator may be 
better at improving powder flow for the successful roller compaction 
operation.  
• Roll speed 
Roll speed determines the dwell time for the powder material to remain under 
pressure and in turn, the throughput of the roller compactor. The selection of 
roll speed depends on the flowability, plasticity and elasticity of the feed 
powder.  
Plastically deformed materials like MCC are more sensitive to roll speed. A 
low roll speed prolongs the dwell time which enables greater compaction 
energy to be imparted on the powder mass, thus producing mechanically 
stronger flakes. These stronger flakes tend to produce granules with better 
flowability and lower friability after milling (Gupta et al., 2005a; Heng et al., 
2004). However, these granules may result in tablets with low hardness and 
high friability due to loss of granules’ compactibility. This dwell time 
dependency of plastic materials can be minimized by the decreasing dwell 
time which can be achieved by increasing roll speed and decreasing screw 
speed. For partially plastic deforming materials like lactose, a higher roll 
speed is also preferred. Inghelbrecht and Remon (1998b) reported that at 
higher roll speed, the lactose granule quality improved and the tablet friability 
was lower.  
For elastic materials such as pregelatinized starch (Roberts and Rowe, 1985; 
Armstrong and Palfrey, 1989; Ruegger and Çelick, 2000), the dwell time of 
powder material in the compaction zone determines the strength of compacted 
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flakes because there may be significant elastic recovery upon release of flakes 
from the compaction zone. Short dwell time due to high roll speed may lead to 
the production of soft flakes which may break, crack or even revert to powder 
form easily. Therefore, for highly elastic materials, the overall process 
throughput may be limited by the inherent physical property of the feed 
material. For brittle materials, the compact strength tends to be less sensitive 
of dwell time because fragmentation is achieved rapidly and extended 
exposure to compaction force tends to have a limited effect on the flake 
strength (Roberts and Rowe, 1985; David and Augsburger, 1977; Rees and 
Rue, 1978). 
• Combined effect of roll speed and screw speed 
Flake strength and relative density or solid fraction (i.e. porosity) are the two 
most important and commonly used quality attributes of flakes. Quality of 
flakes produced is a resultant effect of the roll and screw speeds. At a constant 
roll speed, lower screw speeds will likely to produce thinner and weaker flakes 
due to reduced feed supply to the compaction zone. In contrast, higher screw 
speeds will produce thicker and stronger flakes due to congested feeding 
conditions (Bacher et al., 2007). In both cases, the flake quality is poorer as 
flakes are not produced at optimal conditions. Therefore, it is very crucial to 
control the ratio of roll speed to screw speed for the production of flakes, and 
in turn, granules of optimal compression capability (Hervieu and Dehont, 
1994).  Gupta et al. (2005a) also reported that flake density and strength are 




The roll speed to screw speed ratio is selected based mainly on the 
characteristics of the feed material blend (Inghelbrecht et al., 1997; 
Weyenberg et al., 2005). For plastic materials such as MCC, granules 
produced under high roll speed to screw speed ratio and low compaction force 
gave the desirable tablet friability, hardness and dissolution rate. Even for 
partially plastic materials such as lactose, a higher roll speed is preferred as it 
is more likely to improve granule and resultant tablet quality (Inghelbrecht and 
Remon, 1998b). 
1.1.2 Critical quality attributes (CQA) of roller compacted flakes 
Two most important CQA of roller compacted flakes are relative density or 
solid fraction (i.e. porosity) and mechanical strength which control the size 
and size distribution of granules of milled flakes. Flake relative density and 
mechanical strength are inter-dependent as variations in relative density cause 
variations in porosity which consequently influence the flake mechanical 
strength (Miguelez-Moran et al., 2008; Tye et al., 2005; Wu et al., 2006). 
Zinchuk et al. (2004) also reported that relative density and mechanical 
strength were the key indicators of flake quality and could be utilized during 
scale up of roller compaction process when using MCC as a model material. In 
addition, drug content uniformity in flakes also has to be considered along 
with other attributes as it is essential to deliver an accurate dose of drug in 
each unit dosage form. 
1.1.2.1 Relative density  
Relative density (RD) is determined by the following relationship: 
RD = ED
ρT = 100 − n100  
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where ED is the envelope density of a sample, ρT  is the true density of the 
material, n is the sample porosity and RD is the relative density. 
Envelope density is defined as: 
ED = mVe  
where Ve is the apparent volume of the object, including pores and small 
cavities, and m is the object mass. 
In general, the relative density increases as the material is processed from 
powder to tablet form (Hancock et al., 2003) and serves as an indicator of the 
degree by which the powder had been compressed. The degree of densification 
in turn directly affects the mechanical properties of the compacts. Tensile 
strength, elastic modulus and indentation hardness of compacted powders, for 
instance, all depend on the relative density of the material (Davies and 
Newton, 1996; Rowe and Roberts, 1996). Mechanical properties consequently 
affect material behavior during processing.  
For flakes, material densification is a function of multiple factors: powder 
properties such as flow, bulk and tapped density; processing parameters such 
as roll pressure and speed; and instrument geometry factors such as roll and 
feed screw design. This dependency makes relative density the obvious 
candidate as a CQA for evaluation of flake quality as a function of the 
processing pathway.  
As described by Gamble et al. (2010), the decrease in relative density of 
plastically deforming materials resulted in broader granule size distribution 
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and reduced granule flow properties due to a greater volume of fine particles. 
Conversely, ribbons with higher relative density were shown to produce 
tablets with lower tablet crushing strength due to the work hardening of the 
plastically deforming materials. 
1.1.2.2 Tensile strength 
The use of relative density for the characterization of the quality of flakes may 
be inadequate when flake quality is used as an indicator for the processing 
pathway across different material types. Despite the possibility of equivalency 
in densification, compaction of two different substances can result in compacts 
with very different mechanical characteristics. Thus, it would be desirable for 
a second suitable mechanical property also be identified and monitored. 
Tensile strength is defined as the minimum tensile stress required for fracture 
initiation within a compact (Hiestand, 2002) and is thus an indicator of bond 
strength within a specimen. This mechanical property has long been used in 
the industry as a gauge of tablet strength. As with tablets, it is expected that 
tensile strength of a flake specimen can be indicative of its behavior in the 
subsequent processing steps. For example, it may be possible to expect 
equivalent quality granules upon comminution of flakes possessing similar 
tensile strengths. Other properties such as ductility and brittleness among 
others also affect deformation and fragmentation of flakes. However, since the 
most important critical characteristics of granules for their performance during 
processing are their drug content uniformity, size, relative density and 
mechanical strength (Alderborn, 1996), hence drug content uniformity, 
relative density and tensile strength were considered the primary indicators of 
flake behavior during processing. 
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1.1.3 Why there is need to monitor CQA of roller compacted flakes? 
Conventional roller compaction process is generally evaluated based on the 
characterization of granule or tablet properties which in turn depends on flake 
properties (Falzone et al., 1992; Inghelbrecht and Remon, 1998b; Murray et 
al., 1998; Adeyeye, 2000). Therefore, evaluation of flake use performance 
cannot be made by just assessing flakes manufactured by a conventional roller 
compactor. Maintenance of constant process parameters throughout the entire 
roller compaction operation does not necessary guarantee a homogenous flake. 
For example, the motion of the last flight of the spiral feed screw has been 
shown to create periodical sinusoidal density variations across the flake width 
and along the flake length (in the direction of flake output motion) as it 
delivered powder to the compaction region (Guigon and Simon, 2003). Also, 
heat may be generated in the compaction region from friction between the 
rolls and compacted powder, causing variation in properties of the flakes 
during long compaction runs (Ghorab et al., 2007). Therefore, it is important 
to identify and develop a better understanding of the critical factors that affect 
the roller compaction process, so that they can be accounted for in the 
formulation design and be monitored during the manufacturing process. A 
deeper understanding of the process is needed to reliably and consistently 
maintain desired quality and product performance across a range of 
environments as part of a quality-by-design (QbD) approach (FDA, 2006). 
1.1.4 Monitoring of roller compaction process and formulation variable 
In September 2004, FDA issued guidelines for the pharmaceutical industry 
regarding the implementation of process analytical technology (PAT) concept. 
In this guidance, FDA encouraged the pharmaceutical manufacturer to develop 
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and implement innovative technologies in pharmaceutical development, 
manufacturing and quality control of products using real-time measurements 
of CQA of raw and in-process materials along with process parameters. 
Process understanding can reduce validation burden by providing better 
options for justifying and qualifying systems intended to monitor and control 
physical, and/or chemical attributes of materials and processes. PAT ensures 
that quality could be built-in or design into products through better 
understanding and control of the manufacturing process and needed not to be 
tested in the final products. The usage of at-line, in-line or on-line PAT 
measurements enabled the replacement of conventional methodologies of 
collecting samples and their evaluation (FDA, 2004). Therefore, in the recent 
few years, development and implementation of innovative technologies which 
enable physical and chemical analyses of roller compacted flakes in a non-
destructive, non-invasive and real-time basis have become areas of interest in 
both the academia and pharmaceutical industry.  
Several nondestructive techniques have been reported for the monitoring and 
control of roller compaction process such as the use of acoustic relaxation 
emissions (ARE) from compacted powder (Hakanen and Laine, 1995; 
Hakanen et al., 1993; Salonen et al., 1997), thermal effusivity (Ghorab et al., 
2007) and near infrared (NIR) spectroscopy (Feng et al., 2008; Gupta et al., 
2004, 2005b, c; Miller, 2000). Among these methods, NIR spectroscopy has 
gained most interest within the pharmaceutical industry and is being 
extensively used due to the merits associated with this technique. 
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1.1.4.1 Near infrared (NIR) spectroscopy 
NIR spectroscopy can be used as a rapid and non-destructive on-line technique 
in conjunction with multivariate analysis of chemical and physical properties 
of pharmaceutical samples (MacDonald and Prebble, 1993; Blanco et al., 
1998; Kirsch and Drennen, 1995). The NIR region is situated between the red 
band of the visible and the mid-infrared regions. According to the American 
Society of Testing and Material (ASTM) the NIR region of the 
electromagnetic spectrum is from 780-2526 nm or corresponding to the wave 
number range of 12820- 3959 cm-1. NIR spectroscopy is based on molecular 
overtone and combination vibrations of hydrogen bonds of groups such as C-
H, N-H or O-H.  
The discovery of near-infrared energy is ascribed to Herschel in the 19th 
century for his identification of phenomenon of radiation beyond the visible 
region. In 1931, Kubelka and Munk performed NIR measurements on solids 
by using diffuse scattering of light in both transmission and reflection modes. 
However, the first industrial application was reported in the 1950s by Karl 
Norris who introduced “modern NIR spectroscopy” into industrial practice. 
This pioneering work recognized the NIR spectroscopy as an industrial quality 
and process control tool with the help of chemometrics and the development 
of advance spectrophotometer configurations based on fibre optic probe. In 
recent years, NIR spectroscopy has been further refined and nowadays is 
routinely used in pharmaceutical industry for raw material identification, 
quality-control and process monitoring applications. There is growing interest 
in the pharmaceutical industry to use NIR spectroscopy as a routine analytical 
technique as it has several major advantages such as measurements without 
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sample preparation and the possibility to predict physical and chemical 
characteristics from a single spectrum. 
Like any other analytical techniques, NIR spectroscopy has some drawbacks. 
For instance, due to its high detection limits, the technique is not suitable for 
trace analysis. In some cases, the sensitivity of the technique is reduced when 
a relatively large sample volume is not available. The main difficulty of the 
technique is that the spectra often have broad overlapped absorptions which 
can affect the ability of the technique to specifically identify individual 
molecules. Due to this limitation, it is usually not easy to locate quantifiable 
wavelengths from raw spectra as in the case for UV or colorimetric 
determinations. Moreover, the NIR spectra are also affected by the physical 
properties and measuring conditions which make the analytical method even 
more complex. Therefore, qualitative and quantitative NIR spectroscopic 
methods require the application of multivariate calibration algorithms or 
chemometric methods to model spectral responses to chemical and physical 
properties of the sample by extracting the “relevant” information and reducing 
the influence of irrelevant information, i.e. interfering parameters. Depending 
on the types of application, the objective of the chemometrics can be broadly 
classified into two main groups.  
• Multivariate qualitative analysis  
In this method, the sample properties are correlated with the spectral variations 
to characterize them in terms of their identity and quality. Qualitative models 
generate much less specific results such as pass/fail or low/medium/high and 
therefore, tend to be somewhat more complicated to implement in real-time 
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analysis. This method is also known as pattern-recognition method and is 
useful for grouping samples with similar characteristics. It can be subdivided 
into “unsupervised” and “supervised” methods depending on the presence or 
absence of an a priori class description about the classification of calibration 
samples. 
Unsupervised methods are also known as cluster analyses and are used to 
determine the “natural” groupings of samples in a data set. These methods 
deal with the separation of groups of data without prior knowledge about the 
group structure in the data. It is useful to use these methods for early stage of 
analysis to explore the sub-population within a data set. The more common 
cluster analyses are principal component analysis (PCA) and some 
hierarchical analyses. 
Supervised methods are also known as discriminant analyses. These methods 
involve the development of classification rules for the pre-defined calibration 
dataset where the classification characteristics of the calibration samples are 
known. The classification rules are later used to assign or classify unknown or 
new samples to the pre-defined classes. The more commonly used 
classification methods include linear discriminant analysis (LDA), soft 
independent modeling of class analogies (SIMCA), quadratic discriminant 
analysis (QDA) and K nearest neighbors (KNN) method. 
• Multivariate quantitative analysis 
Quantitative NIR spectroscopic methods require the application of 
multivariate calibration algorithm to model spectral response to the chemical 
or physical reference values of the calibration set. In other words, spectral 
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information must first be calibrated or trained using chemometric algorithms 
before the NIR spectrophotometer can be used for any quantitative 
measurements. Spectral data and reference values are commonly designated as 
X data and Y data, respectively. Finally, optimized multivariate calibration 
models can be used for prediction or classification of unknown or new 
samples after validation. 
The systematic procedure for generating multivariate calibration model 
involves the following steps: (a) selection of representative calibration 
samples; (b) acquisition of spectral from the samples; (c) determination of 
reference values of the samples by established standard methods; (d) spectral 
pre-processing; (e) apply multivariate analysis to build optimal calibration 
model to correlate the spectral responses and reference values; (f) validation of 
the calibration model; and (g) prediction of new or unknown samples.  
Principal component regression (PCR), partial least square regression (PLS) 
and multiple linear regression (MLR) are the more common regression 
techniques to build the multivariate calibration models (Esbensen, 2004).  
Selection of representative calibration and validation sample  
In multivariate modelling, it is very important to have a set calibration samples 
which must be both relevant and sufficiently representative of the data that 
may be expected of real-time operation of the process (Martens and Naes, 
1989). The representative samples must not only cover the expected range of 
values but also the distribution of the calibration samples should be 
sufficiently representative. The NIR spectrum is not only affected by the 
chemical composition of the sample but also on some of the physical 
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properties of sample. Hence, it is essential for the calibration set to include all 
possible potential variability, such as formulation design variability (e.g. 
different concentrations of API and excipients), variability in physical 
properties (particle size or shape) and other sources of variability resulting 
from the actual operation of the process (e.g. blending, drying and 
compression) in calibration samples. Design of experiments (DoE) is widely 
considered as a important tool to generate calibration samples which can cover 
maximum possible relevancy and/or representative formulations and process 
features. 
Acquisition of spectra 
The essential prerequisites for building the calibration model are that the 
information present in a captured spectrum contributed by property of interest 
should be much greater than that of the noises it may contain. Noise should be 
minimized to improve prediction ability by recoding the spectra of calibration 
samples with precision by recording spectra using the same equipment, under 
well-controlled environmental conditions, averaging an increased number of 
scans and recording spectra on different days.  
Apart from noise, the variability in real-time collected spectra from the similar 
production batches may also be significant due to the variability in the 
physical properties of the sample. Therefore, it is essential to fully estimate the 
source and fundamental mechanisms dominating the variability of the process. 
During calibration model development, the inherent variability should be 
included in the calibration models to develop a robust real-time monitoring 
technique. This is particularly important for real-time monitoring of solid 
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samples like roller compacted flakes and tablets where the variability may 
come from physical properties and surface profiles of the samples in addition 
to chemical attributes. Till date, very few studies have been conducted in the 
monitoring of roller compaction process in real-time. A recent study has been 
conducted to investigate the variability of NIR in-line monitoring of roller 
compaction process by fast fourier transform (FFT) analysis (Feng et al., 
2008). From this study, eccentricity of the rolling motion of rolls was 
identified as a major source of variability and correlated with the fluctuations 
of the slope of NIR spectra. However, no study has been carried out to 
investigate the effects of variability of undulated roller compacted flakes 
where the source of variability comes from the surface profile of the sample. 
Determination of reference value of the samples using established 
standard methods 
There must be a standard reference method to establish the values of 
parameters for the construction of a calibration model. Any error in reference 
analysis introduces noise to the reference data, which is propagated into the 
model parameters. In some cases, errors in the reference values cannot be 
eliminated mathematically but it can be reduced by using the average value of 
replicated analyses. Thus, any reduction in the error of the reference method 
would lead to improved calibration model. Therefore, the standard reference 
should be measured with the highest accuracy and precision. 
Spectral pre-processing  
The NIR spectra often suffer from interfering spectral parameters such as light 
scattering, optical path length variations, temperature fluctuations, pressure 
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changes and random noises, in addition to differences in physical sample 
characteristics and inherent instrumental variabilities. Various spectral pre-
processing methods are employed to eliminate or standardize the effect of 
these interferences on spectra prior to multivariate modeling. Therefore, it is 
imperative to select appropriate spectral pre-processing method to improve the 
robustness and predictability of the model. The most suitable spectral pre-
processing methods for handling this type of interferences are normalizations, 
multiplicative scatter correction (MSC), standard normal variate (SNV), 
derivatives and smoothing.  
Construction of multivariate calibration models 
Multivariate calibration modeling involves relating two sets of data, X and Y, 
by regression. The Y matrix consists of the reference value(s) whilst X 
contains the corresponding NIR spectral data.  
X + Y = MODEL 
After construction, the regression model is used on a new set of X 
measurements for the specific purpose of predicting new Y values. The most 
commonly used regression methods in NIR spectroscopy are multiple linear 
regression (MLR), principal component regression (PCR) and partial least 
square (PLS) regression. The most salient features of the different types of 
calibration methods are described below. 
Multiple linear regression (MLR) is just an extension of simple linear 
regression which combines several X variables in linear combinations with 
single Y variable. It is an effective calibration approach when analytical signal 
is linearly related to concentration, no collinear relationship exists between X 
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variables, spectral noise is low, less variable in the sample and no interference 
between X variables.   
Principal component regression (PCR) is a two step regression method. At 
first step, a principal component analysis (PCA) is used to compress X data 
into principal components (PCs). The resulting PCs are then used as predictors 
in the MLR model. It is a powerful regression method against collinear X data.  
However, PCR needs a large number PC for the prediction as it does not use Y 
data structure to X data compression. 
Partial least square (PLS) regression is a bilinear method and is done in such 
a way that most variance contributions in both X and Y data are explained. 
This regression method actively uses the Y data structure in bilinear X data 
compression for the estimation of “latent” variables to ensure that the first 
components are those that are most relevant for predicting the Y variables. 
PLS regression method yields somewhat simpler calibration models than PCR. 
For high precision data like in NIR spectroscopy, this aids the graphical model 
interpretation due to more Y relevant information in X that is displayed in the 
first few components (Martens and Naes, 1989). 
Validation of the calibration model 
NIR calibration models are validated in order to ensure adequacy and 
applicability in the process analysis. Cross validation, leverage correction or 
external test set validation are the most commonly used validation methods. 
The calibration and validation samples have to be independent and must be 
composed of samples from different batches in order to confirm the robustness 
of the model. The robustness of the model can be assessed in terms of 
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parameters from the calibration and prediction statistics such as the root mean 
square error of calibration (RMSEC), the root mean square error obtained after 
cross validation (RMSECV), the root mean square error of prediction 
(RMSEP), correlation coefficient (R2) and bias (Naes et al., 2002).  
Prediction of new or unknown samples 
Once the calibration model has been built and validated, it can be uploaded 
into the instrument control software for the prediction of routine analyses of 
production samples. A new sample encountered is assumed to be similar in 
nature to those employed to build the calibration model. However, there is a 
possibility that uncontrolled change in the process to alter the captured spectra 
of the sample and lead to spurious values of the target parameter. However, 
some statistical methods may be used in the instrument control software for 
identifying and removal of non-representative spectra from the data stream. 
1.1.4.2 Application of NIR spectroscopy 
A number of studies have been carried out to demonstrate the utility of NIR 
spectroscopy roller compaction process monitoring and control. Miller (2000) 
first suggested the usefulness of NIR spectroscopic method as a mapping tool 
for the roller compaction process in terms of blend concentration, roll 
pressure, vacuum deaeration, granule size and tablet properties. Following 
studies by Gupta et al. (2004, 2005b, c) reported the use of NIR spectroscopy 
as a non-destructive measurement method for determining flake and post-
milled granule attributes as well as an in-line monitoring tool of the roller 
compaction process. These latter studies monitored the content uniformity, 
moisture content, flake density, tensile strength and Young’s modulus of roller 
compacted flakes. The work established NIR spectral slope as a robust process 
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control parameter for the prediction of flake attributes which had enabled the 
monitoring and control of the roller compaction process. Feng et al. (2008) 
investigated the variability in real-time collected NIR spectra. They presented 
a new method based on fast fourier transformation (FFT) to determine the 
source of variability in NIR spectra.  
In another study, Soh et al. (2007) investigated the importance of various 
critical raw material properties for modeling flake and granule properties using 
roll gap and NIR spectral slope as process critical control parameters. Some 
properties of raw materials such as tabletability of raw material, particle size, 
size distribution span and tapped density, were found to be more important as 
parameters for building a robust predictive model. 
1.2 Comminution of roller compacted flakes 
Comminution, also known as milling, grinding or pulverization, is the process 
of size reduction by mechanical means. The main objective of roller 
compacted flakes comminution is to produce suitable sized granules that 
possesses good tablet production or capsule filling attributes. 
1.2.1 Forces involved in size reduction 
There are four main types of forces involved in the size reduction and majority 
of the milling equipment aims at optimizing these forces (Table 1). The 
intensity and duration of these applied forces determine the resulting granule 
size and size distribution of the milled material (Rekhi and Sidwell, 2005; 
Murugesu, 2008).  The active forces may act either singly or in combination to 
initiate crack propagation through the weakest point of the material. Initially, 
this active force is absorbed by material in the form of strain energy which 
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produces elastic deformation in the material resulting in reversible flexing and 
bending of the material (Figure 3). Crack propagation develops when this 
applied force crosses the cohesive force (elastic limit) of the material, 
eventually leading to plastic deformation and fracture of the material. The 
elastic limit is actually determined by the characteristics of the material under 
size reduction (Lantz, 1990). Thus, there is a minimum amount of energy 
required in order to fracture a particle but conditions inside the milling 
chamber are so random that most particles received impact forces which are 
insufficient for their fracture only a small portion and are fractured by the 
localized points of excessively impact forces. As a result, only a fraction of 
energy input (< 2 %) is actually utilized for the size reduction of the material. 
The remaining portion of the energy is dissipated in the form of heat from 
plastic and elastic deformation of un-fractured particles, movement of material 
inside the milling chamber, inter-particle friction, particle-mill rotating part 
friction, noise and mill vibration. The greater the force is applied, the more 
effective is the energy utilized and the higher is the amount of fines produced 









Table 1: Forces involved in particle size reduction 
Force Mode of action  Type of mills 
Shear Particles are cut by the action of rigid force  Cut mill 
 
Impact Particles are hit with a blunt object or other 
particles at an acceleration to fracture them. 
Creates more random fracture and greater 
amount of fines compared to other milling 
mechanisms (Murugesu, 2008).  
 
 Hammer, pin, 
jet and conical 
screen mill. 
Attrition Application of force parallel to surface, 
scraping at the outermost edges of the 
particles. 
 
 Ball mill 
Compression Particles are compressed between two 
surfaces, generating stress that exceeds the 
particle’s strength, causing it to fracture. 







Figure 3: Stress-strain relationship in particle size reduction 
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1.2.2 Factors affecting the comminution process 
The comminution process is affected by a variety of factors and has direct 
effect on the quality of the final product. The factors are type of equipment, 
properties of feed material and process parameters used during milling. 
1.2.2.1 Equipment type and flake property 
The properties of the feed material and the desired specification of the milled 
material determine the selection of equipment to be used for comminution 
process. The properties of the feed material include brittleness, cohesiveness, 
melting point, hardness and moisture content. The desired specifications of the 
milled material mainly include the size, shape, size distribution and amount of 
fines. Therefore, the selection of appropriate equipment for the comminution 
of roller compacted flakes is dependent on the amount of fines generated. 
Oscillating granulator, hammer mill and conical screen mill are the most 
commonly used equipment for the comminution of roller compacted flakes in 
the pharmaceutical industry. 
• Oscillating granulator 
The size reduction principle of an oscillating granulator is to mechanically 
pass the flakes through the woven wire screen by the oscillating rotary motion 
of a bar over the mesh. Size reduction of flake occurs primarily by shear and 
some attrition. Particle size distribution is controlled through screen aperture 
size, rotor speed and oscillating angle. It is suitable for the size reduction of 
the flakes as it produces granules with narrow size distribution with minimum 
amount of fines. However, it suffers from the disadvantages of low throughput 
rates and possible contamination by metal particle abraded away from the 
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screen by oscillator (Lantz, 1990). In some severe cases, damaged screen shed 
metal fragments into the product upon its break-up. 
• Hammer mill 
Hammer mill is one of the most widely used mills for the comminution and 
has been used for roller compacted flakes. The blunt side of the hammer blade 
is mounted on a rotor and strikes the feed material at a high velocity to initiate 
stress waves which propagate through the material, causing flaws and fracture. 
Larger fractured particles would be retained inside the milling chamber and 
repeatedly impacted by rotating hammers until their sizes are reduced to below 
the apertures of the retention screen fitted at discharge opening (Lantz, 1990). 
A wide range of particle sizes, to even the micrometer range, can be produced 
by controlling the various processing parameters such as screen aperture size, 
screen thickness, proportion of open area, rotor speed, number of rotating 
hammers and type of hammers. In addition, feed rate and moisture content of 
the material are considered as two most important variables which can greatly 
affect the performance of the mill. Feed material size also has its effects. 
Overfeeding of the material may cause product resistance inside the milling 
chamber leading to higher amperage draw, increased temperature, generation 
of more fines and reduced output (Murugesu, 2008).  
• Conical screen mill 
Conical screen milling is a relatively new innovation in the field of milling 
and consists of a rotating impeller and a stationery conical screen. The rotation 
of impeller creates a centrifugal acceleration force which pushes the feed 
material toward the surface of the screen. Particles are trapped between the 
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edge of impeller and screen, causing compression and, if exceeding material 
yield point, breakage.  Fracture components are then discharged through the 
screen apertures. The discharging action lowers the power consumption by the 
mill as well as excessive fine generation by reducing the retention time of feed 
material in the milling chamber. Efficiency of conical screen mill is improved 
when the milling chamber is kept relatively full (Rekhi and Sidwell, 2005). As 
the impeller does not touch the rigid screen, there is less danger of 
contamination from metal-metal abrasion. Moreover, the conical screen mill 
was reported to use less energy than hammer mill and is well suited for milling 
heat-sensitive and difficult-to-mill materials. It also produces relatively less 
noise, narrower particle size distribution of milled products and is suitable for 
both wet and dry materials (Murugesu, 2008). 
1.2.2.2 Process parameters 
For various types of milling equipment, screen aperture size, screen type, 
shape of impeller sidearm and impeller speed are the more common and 
important process parameters which can be varied to customize the desired 
final granule attributes. These process parameters of conical screen mill had 
already been evaluated for comminution of commercially available 
granulations (Byers and Peck, 1990; Motzi and Anderson, 1984) and for 
improving deagglomeration efficiency (BauerBrandl and Becker, 1996), color 
uniformity (Fourman et al., 1990) as well as content uniformity (Poska et al., 
1993) of tablets produced by direct compression. It was reported that screen 
aperture size has the largest effect on milling time and work as well as the 
degree of particle size reduction whereas the impeller side arm shape has the 
largest effect on overall milling performance (Byers and Peck, 1990). Motzi 
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and Anderson (1984) concluded that effects of screen size, impeller speed and 
impeller side arm shape on particle size distribution of milled granules must be 
evaluated in a combination of all three variables and not individually. Screens 
with grater surface texture were found to produce reduced level of fines 
compared to smooth screen during dry milling (Schenck and Plank, 2008). To 
date, conical screen milling has not been fully exploited for the comminution 
of roller compacted flakes and hence investigated in this present study. 
1.2.3 Evaluation of comminution process parameters 
Major parameters in evaluating the efficiency of comminution are post-milled 
granule properties such as granule size, size distribution and amount of fines, 
energy consumption of the process and milling rate. Efficient comminution of 
flakes can help to produce suitable sized granules with desirable amount of 
fines and minimize economic and environmental cost in terms of energy 
requirements.  
1.2.3.1 Significance of granule size, size distribution, and amount of fines 
The granule size, size distribution and amount of fines of the milled flakes are 
amongst the most important physical properties which may affect subsequent 
operations such as flow and compaction, and in turn, content uniformity and 
dissolution characteristics of final dosage form. Large sized granules improve 
the flow due to reduced contact surface area with each other.   However, large 
sized granules tend to yield tablets with unacceptable pitted surfaces especially 
when the granules do not possesses sufficient plasticity. This consideration is 
specifically important for the roller compaction process as compacted granules 
are more difficult to deform plastically during tabletting due to their loss of 
reworkability (He, 2003; Miller, 1997).  
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On the other hand, fines may either promote granule flow or inhibit flow by 
their inherent cohesiveness. However, this is dependent on the amount of fines 
added, their size and also the characteristics of the bulk solid (Jones, 1969). 
Jones and Pilpel (1966) suggested that the improvement in flow by the 
addition of fines could be due to a reduction of interlocking opportunities by 
the filling up of surface irregularities of coarse particles. In general, granule 
population with large proportion of fines may suffer from loss of flowability 
due to larger contact surface area as well as propensity for segregation.  In 
another study, it was reported that fines (less than 150 μm) can also cause 
mixing problems due to the strong electrostatic forces acting between them 
(Lantz and Schwartz, 1981). 
Therefore, a balance between the proportion of large and small sized granules 
in a granule population is needed to minimize the imperfections on the tablet’s 
surface as well as to improve overall granules flowability. To some extent, 
similar type of requirements is also necessary in granulations for capsule 
filling, especially when the drug is bulky, has poor flowability or in the high 
speed capsule filling, where limited compaction occurs. Granule size and size 
distribution of a final blend are usually dependent on formulation ingredients 
and their concentration, as well as the type of equipment and processing 
conditions employed.  
One of the most direct methods to control particle size and size distribution of 
the final blend is by putting granules through a mill. Therefore, sizing of 
granulation becomes a critical unit operation in the manufacture of oral dosage 
forms (Fonner et al., 1981; Lantz, 1990). In particular, this milling step is 
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crucial in dry granulation process due to relatively poorer binder distribution 
in roller compacted granules compared to wet and spray dried granules 
(Seager et al., 1979). Poor binder distribution in granulation may lead to 
production of granules with wider size distribution and more fines after 
milling.  
1.2.3.2 Energy requirement for milling 
Energy efficiency is one of the major parameters in the size reduction process 
especially with rising energy costs. Energy consumption during milling of 
flakes depends on the mill type, process parameters of milling such as impeller 
speed, impeller type, screen type and screen aperture size together with 
mechanical characteristics of flakes such as hardness and thickness. The 
improper selection of equipment and milling parameters may lead to 
undesirable changes in the milled material, including softening and melting of 
low melting point materials, polymorphic transformations, increased rates of 
degradation and the build-up of static charges due to the use of excessive mill 
energy (Byers and Peck, 1990).  These flake characteristics and process 
parameters will, in turn, determine the characteristics of milled granules. 
Therefore, real-time measurement of energy consumption by the mill during 
the comminution process can provide information regarding the energy 
requirement during milling to produce granules of desired characteristics and 
for a set of operational parameters. Also, the properties of the flakes can be 
deduced from the energy requirement by the mill, given that other mill settings 
are kept constant. In addition, as size reduction process is an extremely 
inefficient unit operation in the entire production chain, any milling condition 
which saves energy is also more desirable from the economic view point.  
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1.2.3.3 Milling rate 
The ideal milling condition should provide higher milling rate i.e. short 
residence time inside the milling chamber and pass granule quickly through 
the screen while maintaining the integrity of the appropriate sized granules. 
Prolonged exposure to the milling environment leads to rounding of the 
particles and creates a distribution of smaller sized particles or fines due to the 
attrition. Moreover, prolonged residence time of the material inside the milling 
chamber may affect the final characteristics of a dosage form, such as 
degradation of the drug or a change in the polymorphic form as a result of the 
excessive heat generated and product temperature rise. To date, various 
process parameters of conical screen have not been well explored in terms of 
energy consumption for the comminution of flakes and hence were 
investigated in this present study. 
1.3 Research gaps 
1.3.1 Real-time NIR monitoring of undulated roller compacted flake and 
post-milled granule attributes 
Few literature research reports can be found on real-time quality monitoring of 
roller compaction flakes using NIR spectroscopy. Gupta et al. (2004, 2005c) 
reported the use of NIR spectroscopy as a nondestructive technique for in-line 
monitoring roller compaction process.  Flake strength and content uniformity 
of flakes were predicted in-line by PLS calibration model using spectral slope 
as a process control parameter. The PLS model was constructed based on NIR 
spectra collected from the training set of the simulated ribbons. In another 
study, Soh et al. (2007) investigated the utility of NIR spectral slope as 
process critical control parameter for the roller compaction process. However, 
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in these studies, NIR spectra were collected during roller compaction but they 
were analyzed after the roller compaction to predict flake and granule 
attributes using off-line PLS calibration models. Thus, there was a time lag 
between processing and analysis of data leading to inefficiency in monitoring 
the process during roller compaction. Moreover, these calibration models were 
constructed from off-line spectral data collected by focusing NIR sensor on 
static flakes. Therefore, it becomes imperative to investigate the applicability 
of real-time NIR sensor (dynamic sampling mode) for predicting the flake 
attributes and to monitor roller compaction process in real-time. 
Recently, Feng et al. (2008) used the off-line dynamic spectra to measure the 
NIR monitoring variability. They collected the dynamic spectra by moving the 
NIR sensor over the fixed ribbon to simulate the situation during NIR in-line 
monitoring. However, off-line dynamic spectra collected were unlikely to 
represent the actual state of moving flakes during roller compaction process.  
More importantly, all these previous studies carried out using NIR 
spectroscopy in the roller compaction process were based on the smooth flakes 
produced from the roller compactor fitted with the smooth rolls. Till date, no 
study has utilized the NIR spectroscopy to monitor roller compaction process 
where the flakes were undulated. The undulated flakes are generally resulted 
from the axially-corrugated rolls commonly used in actual pharmaceutical 
industry production of flakes. As discussed earlier, axially-corrugated roll 
surfaces are more advantageous in roller compaction as they drag the 
compacting material into the gripping region with greater force than smooth 
roll surfaces and therefore, are particularly suitable for increasing bulk density 
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of less dense materials (Johanson, 1965). The strategies of NIR monitoring 
used for smooth flakes cannot be directly extrapolated to monitor undulated 
flakes. The variability of real-time collected NIR spectra could be significant 
due to the sensitivity of NIR signal to the light travel path resulted from the 
undulation of flakes. This could seriously affect the precision and robustness 
of the prediction model built based on the NIR spectra. Therefore, it is 
apparent to understand the factors dominating the variability of the real-time 
collected NIR spectra and simulate the real-time environment during 
calibration model development for the development of a robust in-line 
monitoring technique. 
1.3.2 Conical screen milling of undulated roller compacted flakes 
There had been quite an amount of research work on the milling of wet and 
dry masses in wet granulation process and the effects of milling on granule 
characteristics. However, in comparison, there has been relatively less 
research work undertaken on the comminution of roller compacted flakes. 
Only Vendola and Hancock (2008) investigated the milling efficiency of roller 
mill, oscillating granulator, hammer mill and conical screen mill on the 
comminution of roller compacted flakes. More specifically, there has been no 
reported research undertaken on the evaluation and optimization of the various 
milling parameters especially conical screen milling process parameters for 
the comminution of roller compacted flakes. In addition, energy consumption 
and milling rate have also not been exploited as an optimization tool for the 
comminution of roller compacted flakes. Therefore, it is imperative to study 
the effect of conical screen milling parameters on the granule characteristics, 
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energy consumption and milling rate for the optimization of roller compacted 



















2 HYPOTHESES AND OBJECTIVES 
2.1 Hypotheses 
The PAT seeks real-time monitoring of roller compaction process to reliably 
and consistently maintain desired CQA and product performance across a 
range of environments as part of the QbD approach. Among the various non-
invasive and non-destructive PAT tools, NIR spectroscopy has received 
considerable interest owing to the multitude of merits associated with the 
technique. NIR spectroscopy has already been exploited for in-line monitoring 
of CQA of roller compacted flakes. It is also used as a non-destructive 
technique for the measurement of particle size distribution after milling of 
roller compacted flakes (Feng et al., 2008; Gupta et al., 2004, 2005c).  
However, all these previous studies based on flakes made by smooth rolls and 
cannot be directly extrapolated to monitor undulated roller compacted flakes.  
Another aspect of concern in the comminution of roller compacted flakes is 
the CQA (size, size distribution and amount of fines) of post-milled granules 
which have enormous impact on manufacturing of finished dosage form. CQA 
of granule are dependent on the properties of flakes (e.g. hardness), milling 
equipment and milling conditions. Screen aperture size, screen type, impeller 
type, impeller speed are the various parameters of conical screen milling 
which control the granule properties, milling rate and energy consumption of 
milling. The ideal milling condition should also consume less energy and 
provide high milling rate to produce granules of desirable quality which can be 
achieved by careful selection of milling parameters. Conventional milling 
equipment tends to produce granules with wider size distribution, high energy 
consumption and larger amount of dust and fines leading to potential wastage 
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and worker health safety issues. Thus, the use of conical screen milling as a 
versatile, precise and economical alternative to less efficient milling 
technologies for roller compacted flakes and formed the subject for 
investigation in this study.   
The main hypotheses of this research work are as follows. 
• NIR spectroscopy could be used for real-time monitoring of the roller 
compaction of undulated flakes with careful selection of suitable 
spectral acquisition strategy, NIR probe position, beam size and 
spectral preprocessing method during off-line calibration model 
development.  
• Conical screen mill could be optimized by the judicious choice of 
screen, impeller and other milling process parameters for the 
comminution of undulated flakes in terms of post-milled granules 
quality, energy consumption during milling and milling rate.  
• CQA of post-milled granules, energy consumption during milling and 
milling rate of flakes could also be monitored during roller compaction 








To test the above mentioned hypotheses, the work for this study was carried 
out to achieve the following objectives. 
Study I: To investigate the applicability of real-time NIR sensor and different 
technical issues during establishment of the PAT for measuring the 
drug content and CQA of undulated flakes during roller compaction 
process.  
Study II: To evaluate the effect of different conical screen mill process 
parameters (impeller type, impeller speed and screen type) on the 
comminution of undulated roller compacted flakes. In this study, 
energy consumption and milling rate were determined during 
comminution of flakes and the post-milled granules were evaluated 
for particle size distribution and fines. Finally, combinations of 
different mill parameters were optimized for the minimal fines 
approach, less energy consumption and high milling rate.  
Study III: To investigate the utility NIR spectroscopy for real-time 
monitoring of post-milled roller compacted granule attributes 
along with the energy consumption and milling rate for previously 











3.1 Study I: Investigation of the factors affecting NIR real-time monitoring 
of content uniformity and flake attributes of undulated roller compacted 
flakes 
3.1.1 Materials 
Chlorpheniramine maleate (BP grade, China), lactose (SpheroLac 100, 
Meggle, Germany), microcrystalline cellulose (MCC; Avicel PH102, FMC 
Biopolymer, USA) and magnesium stearate (MgSt; Sigma–Aldrich, Germany) 
were used in the flake formulation. Chlorpheniramine maleate was selected as 
a model drug as it is a low dose drug, and also served as a marker substance 
for quality attributes such as blend uniformity. MCC was the common roller 
compaction additive, hence selected as disintegrant and binder. Lactose, 
another widely used pharmaceutical excipient, was chosen as the filler or bulk 
diluent. Chlorpheniramine maleate was jet milled (AFG100, Hosokawa 
Alpine, Germany) at a pressure of 0.4 MPa and a classifying speed of 7,500 
rpm to produce micronized chlorpheniramine (µCPM) particles with mean 
diameter of approximately 10 µm. All experiments were performed in 
controlled environment at 25º C and 50 % RH. 
3.1.2 Methods 
3.1.2.1 Powder blending 
A 52 full factorial design was used to generate 25 calibration samples using a 
combination of formulation (µCPM concentration) and process (roll force, 
RF) variables at 5 different levels (Table 2). Five different powder blends each 
containing 0, 2, 4, 6 and 8 %, w/w µCPM were prepared in an 15 L 
intermediate bulk container (IBC) bin blender (SP15, GEA Pharma Systems, 
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UK) with the prism attachment for 15 min at 10 rpm with compositions as 
shown in Table 2. MgSt was added after 10 min of blending. µCPM and 
lactose were premixed in 10 L high shear mixer (UltimaPro 10, Collette NV, 
Belgium) at an impeller speed 200 rpm for 3 min before proceeding to mix 
with MCC and MgSt in the IBC. 
 




µCPM Lactose MCC MgSt 
1 0 49 50 1 
2 2 47 50 1 
3 4 45 50 1 
4 6 43 50 1 
5 8 41 50 1 
 
3.1.2.2 Roller compaction of powder blends 
Each powder blend prepared was compacted at five different (40, 50, 60 70 
and 80 kN) RFs on a roller compactor (Pharmapaktor L200/30P, Hosokawa 
Bepex, Germany) fitted with rolls of 20 cm diameter and 3 cm width serrated 
roll surfaces. The roller compactor was operated in the automatic mode using 
a roll speed (RS) of 2.6 rpm. With the automatic mode, the speed of vertical 
feeding screw was automatically controlled by a feedback system to maintain 
the desired RF at RS of 2.6 rpm. For each run, the roller compactor was given 
approximately 1 min to reach steady state before actual sample collection and 
RF recording in the subsequent 5 min, at every second and averaged for the 
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reference value. Flakes produced were subjected to vibration for the removal 
of un-compacted material on a 2 mm aperture size mesh of a sieve shaker (KS 
1000, Retsch, Germany) set at 70 shakes per min for 2 min. The sieved flakes 
were then stored at 25º C and 50 % RH for at least 3 day until required for 
analysis. 
3.1.2.3 Flake density measurement 
True densities (ρT) of the powder components (µCPM, lactose, MCC and 
MgSt) were determined using a helium pycnometer (Pentapycnometer, 
Quantochrome Instuments, USA). From the true densities of the individual 
powders, true densities of powder blends (ρblendT ) were calculated as a linear 
combination of the constituting components using the following equation:  
ρblendT = c1ρμCPMT + c2ρlactoseT + c3ρMCCT + c4ρMgStT  
where c1, c2, c3 and c4 are the weight fractions of µCPM, lactose, MCC and 
MgSt in the powder blends, respectively. 
Flake envelop density (ED) was obtained using a universal powder tester (FT4 
Powder Rheometer, Freeman Technology, UK). This tester allowed accurate 
envelope volume measurements of irregular objects by a method analogous to 
volume measurement by fluid displacement. This was facilitated through an 
assembly consisting of a cylindrical sample chamber (50 mm diameter), a 
plunger and glass beads (JM 13, Pan Abrasives, Singapore) as displacement 
medium. Since glass beads of 32.59 ± 0.51 µm particle size was free flowing, 
it filled the contours of irregularly shaped surfaces well and allowed 
measurements of volume of large irregular objects. A normal stress of 21.7 
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kPa was selected for all the measurements. Modest consolidation pressures are 
applied during measurements to facilitate medium conformation to the sample 
surface without inducing sample dimensional changes. ED of a flake in a 
sample was calculated from the envelope volume and weight of the flakes. 
Flakes and glass beads were dried overnight in hot-air oven at 60oC and left to 
equilibrate to ambient temperature in a desiccator at least overnight prior to 
analysis. Flake relative densities (RD) were calculated by using the following 
equation:  
RD = ED ρblendT�    
Three determinations were obtained and results averaged for reference value 
for each batch of flakes. 
3.1.2.4 Flake strength measurement 
Flake strength measurements were carried out using three-point beam bending 
method on the universal testing machine (EZ Test 100 N, Shimadzu, Japan) 
with a 100 N load cell (Figure 4). The gap length (L) between the lower two 
supports was kept constant at 25 mm. Data were collected using the WinAGS 
Lite (ver 1.00) software supplied with the instrument. The acquisition rate was 
200 points per second at test speed of 1 mm/s. Maximum load (P) required for 
fracturing the flake, as well as the deflection (y) of the load point at fracture 
were obtained from the universal testing machine readings. Width (b) and 
thickness (h) were measured for all flakes prior to flexure testing. Tensile 
strength (TS) and Young’s modulus (E) were calculated from the above values 
using the following equations. Fifteen measurements were obtained for each 
batch of flakes and results averaged for reference values.  
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TS = 3PL 2bh2�   
                                                                                                                E = PL3 4bh3y�  
3.1.2.5 Flake thickness measurement 
 Peak to peak thickness of 10 flakes was measured by using a digital calliper 
(Digimatic, Mitutoyo, Japan). Each flake had the dimension of approximately 
30 × 30 mm. They were stacked in such a way that the ridges of two 
consecutive flakes would be perpendicularly aligned. Measurements were 
repeated for 10 different stacks for each batch of flakes and results averaged. 
3.1.2.6 NIR spectroscopy 
The optical sensing system consisted of a NIR diffuse reflectance 
measurement probe coupled with a NIR spectral sensor (MCS 611 NIR 2.2, 
Carl Zeiss, Germany) and a tungsten halogen light source (LS-1-LL, Ocean 
Optics, USA) were used to obtain the diffuse NIR reflection spectra from the 
flakes. The NIR diffuse reflectance measurement probe consisted of a tight 
bundle of 6 illumination fibres around 1 read fibre in a stainless steel ferrule 
(Figure 5). Three NIR diffuse reflectance measurement probes, QR 200, QR 
400 and QR 600 (QR200-7-VIS-BX; QR400-7-VIS-BX; QR600-7-
VIS125BX, Ocean Optics, USA) differing in their fibre core diameters of 200 
± 4, 400 ± 8 and 600 ± 10 µm, respectively, were used for this study. The fibre 
bundle external diameters or the beam sizes of QR 200, QR 400 and QR 600 
were approximately 0.6, 1.2 and 1.8 mm, respectively. The set-up allowed 
spectral acquisition of 980-1900 nm with 1 nm resolution at an integration 




Figure 4: Three point beam bending test method: (A) experimental set-up and 





Figure 5: Reflection probe (A) with optical head (B) showing 6 illumination 
fibres around the central read fibre 
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3.1.2.7 Off-line NIR monitoring set-up 
A custom-made conveyor belt was fabricated for off-line spectral acquisition 
from flakes (Figure 6). The conveyor system consisted of a pair of parallel 
conveying belts rotated by two 3 cm thick rollers. A 1 cm gap between these 
two parallel conveying belts was always maintained to allow NIR spectra 
acquisition from the underside (base) of the sample. A support platform was 
placed under the belts to minimize vertical movements of the belts. The fibre 
optic probe was mounted just before the terminal end of the conveying belt. 
Strips of the compacted flakes were lined along the conveying belts for the 
NIR spectral acquisition. A clearance of 1 mm (QR 200 or QR 400) or 0.5 mm 
(QR 600) between the peaks of undulated flake and probe head was always 
maintained to avoid errors associated with the sampling distance. The NIR 
spectra were collected from the upper side of the flakes (Figure 6A) as well as 
from the under side of the flakes (Figure 6B). Two types of sampling mode, 
static and dynamic, were used to collect NIR spectra from flakes. The static 
NIR spectra were captured from the different segments of the flake when the 
flake was placed on the stationery conveyor belt. The dynamic NIR spectra 
were captured with the flake moving with the conveyor system at a constant 
velocity, equivalent to the RS of 2.6 rpm to simulate the conditions during 
NIR real-time monitoring of the roller compaction process. Diffuse reflection 
spectra were acquired through the fibre optic probe and processed on a 
computer using the Aspect Plus (version 1.76, Carl Zeiss, Germany) and 
Process Explorer (version 1.1.0.6, Carl Zeiss, Germany) softwares. In order to 
exclude non-sample data (when NIR sensor was not triggered on the flake 
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surface), a trend qualification rule was set in the Process Explorer method set-




Figure 6: Schematic diagram of NIR off-line set-up for spectral acquisition 
from the upper side of the flakes (A) and the under side of the flakes 
(B). During spectra acquisition from the under side of the flakes (B), 
NIR probe was placed in between two parallel conveying belts from 
the bottom of the conveyor system. 
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3.1.2.8 Calibration model development from the off-line NIR spectral data 
Unscrambler 9.8 (version 9.8, Camo Inc., India) was used off-line to build the 
calibration models. The raw calibration spectra were preprocessed using 
standard normal variate (SNV) followed by derivative preprocessing. All first 
and second derivative spectra were computed employing 7 smoothening points 
and 2nd polynomial order. Partial least square (PLS1) regression technique was 
used to build the calibration models for the µCPM concentration, TS, E and 
RD of the flakes. The reference values of µCPM concentration used for 
calibration samples were calculated gravimetrically from the actual weights of 
the powder blend mixtures (% µCPM = 100 × weight of µCPM/total weight of 
powder blend). A global model was built for µCPM concentration from whole 
data set whereas, for other flake attributes, one model was built at each µCPM 
concentration (0, 2, 4, 6 and 8 %, w/w).  One model for each subgroup was 
reported to be more accurate when the data set consists of several separate 
sub-groupings (Esbensen, 2004). 
3.1.2.9 Validation of the calibration models 
Two approaches were used to validate the calibration models of µCPM 
concentration and other flake properties. In the first approach, leave one out 
full cross-validation was carried out to determine the number of PCs required 
to minimize the root mean square error of cross-validation (RMSECV) and 
standard error of prediction (SEP). In this validation method, same samples 
were used for both model development and validation. One sample was left 
out from the calibration data set and the model was calibrated using the 
remaining data points. Next, the value for the sample left out was predicted 
and the prediction residual was computed. The process was repeated with 
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another subset of the calibration set, and so on until every sample had been left 
out once; then all prediction results were combined to compute the validation 
residual variance and RMSEP. In the second approach, 25 independent 
external validation flake samples which were not part of calibration samples 
were prepared and scanned using a similar procedure. Second approach was 
used only to validate the final calibration models which were used during real-
time roller compaction process. 
3.1.2.10 Real-time monitoring set-up 
A rectangular channel (Figure 7) was used to guide the flake released after 
roller compaction. The flowing motion of the flake was well guided by 
pushing to one inner side wall of the channel using brushes fitted inside the 
channel. NIR spectra were captured from the side of the moving flake which 
always touched the inner side wall. The probe was kept perpendicular and on 
the middle point of the face of the flakes such that the sensor received the 
reflected beams without any stray effects. A gap of 1 mm (QR 200 and QR 
400) or 0.5 mm (QR 600) was always maintained between the channel inner 
surface on which the flakes were moving and the probe head. In addition, the 
channel was fitted with a plastic cover and a light vacuum suction was 
maintained on the top to remove surface powder and prevent powder cloud 




Figure 7: Schematic diagram of in-line NIR monitoring set-up for real-time 
roller compaction process 
 
3.1.2.11 Real-time monitoring using online Unscrambler Predictor (OLUP) 
software 
Real-time analysis was carried out to assess the developed NIR models for 
their capability to quantitatively predict the flake properties using set-up 
illustrated in the Figure 7. Prior to experimentation, the final calibration 
models were uploaded into the Process Explorer using the OLUP software. 
OLUP packaged Unscrambler calibration models as a dynamic link library 
(DLL, 32 bit only) protocol. Through these protocols, Process Explorer was 
interfaced with the OLUP for producing real-time prediction of flake 
properties. During real-time measurements, raw energy spectra were obtained 
from the light signals through the fibre optic probe using the MCS 611 NIR 
2.2 spectral sensor (Carl Zeiss, Germany) and transferred the acquired spectra 
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using radio frequency to the nearby microprocessor using the Aspect Plus 
(version 1.76, Carl Zeiss, Germany) and Process Explorer (version 1.1.0.6, 
Carl Zeiss, Germany) softwares.  
For real-time analysis of µCPM concentration in compacted flakes, batches of 
500 g powder blends containing 0, 2, 4, 6 and 8 %, w/w µCPM were roller 
compacted sequentially with increasing concentration of µCPM. RS and RF 
were set to 2.6 rpm and 60 kN, respectively. During the roller compaction, the 
powder blends were poured into the hopper just before finishing the 
compaction of previous blend in order to limit the mixing of two consecutive 
blends.  
For real-time analysis of TS, E and RD of compacted flakes, powder blend 
containing 4 %, w/w µCPM was roller compacted for 2 min at each RF (40, 
50, 60, 70 and 80 kN) in a chronologically increasing order.  NIR spectra were 
captured in every 5 s during real-time analyses. 
 
3.2 Study II: Selection of the cone milling process parameters for the 
comminution of undulated roller compacted flakes by adopting minimal 
fines, milling energy and higher milling rate approach 
3.2.1 Materials 
Commercially available α-lactose monohydrate (Pharmatose 200M, DMV, 
Veghel, Netherlands), microcrystalline cellulose (MCC; Avicel PH102, FMC, 
UK) and magnesium stearate (MgSt; Sigma-Aldrich, Germany) were used for 
this study. Prior to experimentation, all the materials were passed through a 
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355 μm aperture size sieve to eliminate the presence of any loose aggregated 
lumps in the bulk powders, and sifted powders stored for at least 48 h at 25ºC 
and 50 % RH prior to use.  
3.2.2 Methods 
3.2.2.1 Powder blending 
Lactose, MCC and MgSt were blended in the final ratio of 49.5 : 49.5 : 1 
(w/w), respectively, in a double cone blender (AR 400, Erweka, Germany) 
rotated at 40 rpm for 50 min. MgSt was added after 45 min of first blending 
lactose with MCC. The blended powder was collected and used for the roller 
compaction. For each blending cycle, 2 kg of powder mixed. 
3.2.2.2 Roller compaction of powder blend 
The powder blend was compacted in a roller compactor (Pharmapaktor 
L200/30P, Hosokawa Bepex, Germany) fitted with 20 cm diameter rolls and 3 
cm width serrated roll surfaces at 50 kN RF and 2.6 rpm RS. The roller 
compactor was operated in the automatic mode where the speed of vertical 
feeding screw was automatically controlled by a feedback system to maintain 
50 kN RF at 2.6 rpm RS.  The flakes produced were then subjected to sifting 
on a sieve shaker (KS 1000, Retsch, Germany) set at 70 shakes per min for 2 
min for the removal of un-compacted material by a 2 mm aperture size mesh. 
The un-compacted material free flakes were then stored at 25º C and 50 % RH 
before cone milling. 
3.2.2.3 Comminution of flakes 
Flakes were milled using conical screen mill (Model 197S, Quadro Comil, 
Quadro Engineering, Waterloo, Canada) to produce granules. Impellers 
55 
 
(Figure 8) with five different types of sidearm (round [I-1], round with teeth 
[I-2], triangular [I-3], pyramidal [I-4] and pyramidal with a leading edge [I-5]) 
and screens (Figure 9) with two different types of surface profile (grater and 
smooth) of same aperture size (2388 μm) were evaluated. Each milling run 
was repeated for three times. 
 
 
Figure 8: Cross-sectional view of impeller sidearms along with the position of 




Figure 9: Surface profile of screens: (A) smooth and (B) grater 
 
A suitable gap between the impeller and the screen was always maintained by 
inserting a spacer bushing of suitable thickness. The gap or clearance 
prevented any potential damage to the machine by metal-metal friction and 
avoided metal contaminations entering the final blend (Figure 10). The 
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thickness of spacer bushings used for smooth and grater screens are indicated 
in Table 3 and Table 4, respectively. By the use of spacer bushings of different 
thickness, the final gap between the impeller and screen can be adjusted. The 
mill was operated at five different speeds (1200, 1600, 2000, 2400 and 2800 
rpm) and speeds were adjusted while the mill ran empty using a digital 
tachometer (HT-5500, Ono Sokki, Japan) prior to feeding the flakes into the 
mill. After validating the mill speed, the mill was set to the desired speed and 
200 g of randomly sampled flakes were choke-fed into the mill manually. The 
total milling time was 3 min. The milling of flakes using different impellers, 
screens and impeller speeds were performed in no particular order. At the end 
of each milling run, the amount of un-milled material was determined by 













Figure 10: (A) Planar view of the impeller-conical screen set-up and (B) 
schematic diagram of the Quadro Comil 197S indicating the use of 
spacer bushing to adjust impeller-screen distance. 
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2A045R03137 1143 787.4 37 5080 
2A075R05051 1905 1270.0 51 4445 
2A094R05041 2388 1270.0 41 4445 
2A125R05040 3175 1270.0 40 4445 
2A187R03751 4750 939.8 51 6350 
 














2A040G03122329 1016 787.4 22 5080 
2A079G03123120 2007 787.4 23 3810 
2A094G03123121 2388 787.4 23 3175 
2A125G03123126 3175 787.4 23 3175 
2A187G03123132 4750 787.4 23 6350 
 
3.2.2.4 Energy consumption 
The energy consumption levels by the cone mill for the comminution of roller 
compacted flakes using different combinations of screen type, impeller type 
and impeller speed were measured by an energy meter (Mk6 Genius, EDMI, 
Australia). The energy meter was clamped on the single phase wires supplying 
power to the cone mill. The voltage (V), current (A), active power (W), 
reactive power (W), active electric energy (Wh), phase angle (φ), power 
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factor, frequency (Hz) and time were logged into a PCMCIA card at 1 s 
interval. Initially, cone mill no-load run baseline power readings at different 
impeller speeds from 1200 to 2800 rpm were determined. No-load power data 
recordings were fitted as function of speed. No-load power function was 
subtracted from the total power to estimate effective power for effective 
specific energy estimation. The total and effective energy values were 
calculated according to the following equations 
Et = ∫ Pt dtT0 m  
and 
Ee = ∫ (Pt − P�0)dtT0 m = ∫ ∆Pt dtT0 m  
, respectively, where Et and Ee are total specific energy and effective specific 
energy, respectively, for milling a unit of flake (J/g), Pt is power in Watt 
consumed by cone mill while milling flakes at time t, P�0 is the average power 
consumption in Watt under no-load power condition of the cone mill, ∆Pt  is 
effective power consumption in Watt to mill flakes at time t, and m is milled 
granule mass in g. Determination of the magnitude of fluctuations in current 
over time caused by varying mechanical friction, three replicated no-load 
power consumption measurements (P�0) were made for each impeller speed. A 
95 % confidence level with a normal distribution was used to determine 
whether the power consumption surge was resulted from milling flake or from 
current fluctuation caused by mechanical friction. If Pt was equal to or larger 
than (P�0 + tn−1,1−α/2 × (σ/√n)), the effective power consumption ∆Pt =(Pt − P0) was assumed owing to flake milling; otherwise, ∆Pt  was attributed to 
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random current fluctuations over time and ∆Pt  was set to zero. Here, σ is the 
standard deviation of power measurements during no-load running of the cone 
mill, n is repetition number (n=3), tn−1,1−α/2 is the upper critical value of 95 
% confidence intervals for the standard normal distribution, t2,0.975 = 4.30. 
3.2.2.5 Milling rate 
The milling rate of flakes in the cone mill was determined by using a weighing 
balance (PG 8000-S, Mettler Toledo, USA) connected to a computer through 
USB-232 port. Granules after milling were collected in a round mouth 
stainless steel container placed on the weighing balance. The flow of the 
milled granules into the container was guided by a chute of a very thin and 
soft plastic sheet. The chute was created surrounding the shroud of the milling 
chamber and into the mouth of container. Dust was also prevented by the 
chute from escaping from the milling zone. The mouth of the chosen container 
was bigger than the shroud opening so as to prevent the clogging of granules 
inside the chute during the milling process which may affect the quality of 
data collected.  A very thin and soft type of plastic sheet was selected to form 
the chute in order to minimize the effect of plastic weight and tension on 
weighing balance. The cumulative weight of the milled granules was recorded 
at every second by implementing an algorithm developed under MATLAB 
software. Milling rate of the flakes was calculated by the following equation. 
Milling rate �g s� � = 150 g of flakesTime to mill 150 g of flakes (s) 
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3.2.2.6 Characterization of granules  
Each batch of milled granules was collected and characterized for size and size 
distribution using a nest of sieves of aperture sizes in √2 progression from 180 
to 2000 μm. Sieving was carried out using a sieve shaker (VS 1000, Retsch, 
Germany) vibrated at 1 mm amplitude for 10 min. The fraction of granules 
collected in each sieve was weighed, and the cumulative percent weight 
undersize plot was constructed. The d10, d50 and d90 values were the diameters 
of the granules at the 10th, 50th and 90th percentiles, respectively, and were 
determined from the plot. The size and size distribution of the granules were 
represented by the mass median diameter (MMD or d50) and the span (Sd50 ), 
respectively. The span was calculated using the following equation.  
Sd50 = d90− d10d50  
In size analysis of granules batches, granules of particle size less than 180 μm 
were considered as fines. Percentage of fines was determined by the following 
equation. 
Fines (%) =  Amount of granules (< 180 μm)Total amount of granules (g)  × 100 
 
3.3 Study III: Real-time monitoring of post-milled granule attributes, milling 
energy and milling time 
3.3.1 Comminution of flakes 
Roller compacted flakes from the 25 batches prepared in Study I were 
comminuted using conical screen mill by the method as described in Section 
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3.2.2.3. For each batch, triplicate milling runs were conducted using 200 g of 
flakes. 2388 µm aperture size screen with grater surface profile, I-2 impeller 
and 2000 rpm impeller speed were selected for the comminution of the flakes.  
3.3.2 Energy consumption 
Total (Et) and effective specific energy (Ee) required for the milling of a unit 
amount of roller compacted (J/g) flakes were determined by the method 
described in Section 3.2.2.4. Results from the three milling runs were 
averaged and used as reference value for the NIR-PLS1 calibration model 
development. 
3.3.3 Milling rate 
Milling rate of flakes was determined by the method described in Section 
3.2.2.5. Results from the three milling runs were averaged and used as 
reference value for the NIR-PLS1 calibration model development. 
3.3.4 Characterization of granules 
MMD and fines (%) of the milled granules were determined according to the 
method described in Section 3.2.2.6.  
3.3.5 Calibration model development 
The NIR-PLS1 calibration models of post-milled granule attributes i.e. MMD 
and fines (%), effective specific energy (J/g) required for milling and milling 
rate (g/sec) of flakes were developed. Off-line dynamic NIR spectra of all 25 
batches of flakes from Study I were captured using QR 400 probe from the 
under side of the flakes were used for this calibration model development. 
SNV followed by 1st derivative preprocessed spectra were used for this 
calibration model development.  
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3.3.6 Validation of calibration models 
Two approaches were used to validate the calibration models of post-milled 
granule attributes, effective specific milling energy (J/g) and milling rate 
(g/sec). In the first approach, leave one out full cross-validation was carried 
out to determine the number of PC required to minimize the root mean square 
error of cross-validation (RMSECV) and standard error of prediction (SEP) 
according to the method described in Section 3.1.2.8. In the second approach, 
25 independent external validation flake samples which were not part of 
calibration samples were prepared and scanned using a similar procedure.  
3.3.7 Real-time analysis of post-milled granule attributes, effective specific 
milling energy and milling time 
The validated calibration models for post-milled granule attributes, effective 
specific milling energy (Ee) and milling time were uploaded into the Process 
Explorer using the OLUP software. A detailed description could be found in 
Sections 3.1.2.9 and 3.1.2.10. 
Real-time analysis was carried out to assess the developed NIR models for 
their capability to quantitatively predict the post-milled granule attributes, Ee 
and milling time using set-up described earlier in the Figure 7. The powder 
blend containing 6 %, w/w µCPM was chosen for this real-time analysis. The 
powder blend was roller compacted for 3 min at each RF (40, 50, 60, 70 and 
80 kN) in a chronologically increasing order and NIR spectra were captured in 




4 RESULTS AND DISCUSSION 
4.1 Study I: Investigation of the factors affecting NIR real-time monitoring 
of content uniformity and flake attributes of undulated roller compacted 
flakes 
4.1.1 Flake properties 
Data collected on the undulated roller compacted flakes were analyzed 
according to the full factorial design. Effects of changing µCPM concentration 
and RF were determined on the RD, TS and E of the flakes. Data analysis 
showed, as expected, an increase in RD of the flakes with increasing RF 
(Figure 11). Similarly, TS and E also showed expected increase with 
increasing RF (Figure 12 and Figure 13). These results indicated that the 
increase in the flakes’ densification degree with higher RF played an 
important role in increasing RD, TS and E of the flakes. These results were 
further supported by the strong positive agreement between RD, TS, E and RF 
in correlation loadings plot of PCA (Figure 14).   
On the contrary, an increase in µCPM concentration resulted in a decrease in 
RD, TS and E of the flakes due to poor compressibility of the µCPM powder 
as compared to the MCC and lactose powders. Interestingly, a significant 
(p<0.05) increase in RD was observed with flakes containing 8 % µCPM after 
the minima around 6 % µCPM concentration using ANOVA analysis with 
adjusted sum of squares. This phenomenon resulted in a no correlation 
between RD, TS, E and µCPM concentration as well as interaction effect of 
µCPM concentration and RF in correlation loadings plot of PCA (Figure 14). 
This might be due to the fact that the number of µCPM particles in the 8 % 
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µCPM containing blend was sufficient to saturate the surfaces of all the 
lactose particles by powder coating them and the remaining uncoated µCPM 
particles might be responsible for increasing the flake RD by filling up the 
voids between lactose and MCC particles. The coating of lactose particles by 
µCPM particles was expected in ordered mixing of µCPM particles during the 
premixing stage in the high shear mixer. This was more apparent when viewed 
in the scanning electron photo micrograph (Figure 15) which showed almost 
uniform coating of very fine µCPM particles on the surfaces of the lactose 
particles. It appeared that the µCPM particles completely coated over lactose 
particles to a saturation level. However, the lack of significant increases in TS 
and E were observed with the flakes containing 8 % µCPM. Despite being 
statistically insignificant, the higher RD value for 8 % µCPM containing 








Figure 11: Effect of changing µCPM concentration and RF on RD of 



















Figure 12: Effect of changing µCPM concentration and RF on TS of undulated 




















Figure 13: Effect of changing µCPM concentration and RF on E of undulated 






















Figure 14: PCA of process parameter, formulation parameter and flake 




Figure 15: Scanning electron photo micrograph depicting adhesion of µCPM 
particles onto a lactose particle. 
70 
 
4.1.2 Linear effective surface area scanned by different NIR probe 
The linear effective surface area was calculated instead of actual effective 
surface area measurement due to the undulations on the flake surface. The 
undulated flake surface consisted of evenly distributed peaks and troughs. The 
distance between two consecutive peaks or troughs was 1.59 mm. In a static 
sampling mode, linear effective surface areas of flakes scanned by QR 200, 
QR 400 and QR 600 probes were 0.28, 1.13 and 2.55 mm2, respectively. In the 
dynamic sampling mode, linear effective surface areas scanned by the three 
NIR probes were determined based on the distances travelled by the moving 
flakes under the illuminated spots of 0.6 (QR200), 1.2 (QR400) and 1.8 mm 
(QR600) diameters of the NIR probes in 100 ms integration time periods. 
Considering the experimental conditions used, it was estimated that during a 
scan run of the flake surface, all the spots of the probes would traversed a 
distance of 2.73 mm which was greater than two consecutive peaks or troughs 
distances across the flake surface. Thus, the linear effective surface areas, i.e. 
area sampled by QR200, QR400 and QR600 NIR probes, were 1.92, 4.41 and 
7.46 mm2, respectively. Therefore, it was advantageous to use the dynamic 
sampling mode as it enabled the scanning of a larger flake surface area than 
the equivalent stationery illuminated spot measurement. In addition, dynamic 
sampling mode might be a helpful approach to improve the performances of 
the calibration models by minimizing the errors associated with the 
undulations on the flake surface. Furthermore, from the use of probes with 
different dimensions, it was possible to determine the occurrence of non-
uniform drug distribution resulting from the agglomeration of very fine µCPM 
particles (about 10 µm) which would not have been feasible with analysis of 
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the whole area of the flake surface. In a recent investigation, Li et al. (2003) 
demonstrated that spectral analysis of small portions of the tablet is an 
acceptable replacement for whole tablet analysis using traditional HPLC/UV 
quantitative content determination. 
4.1.3 Effect of sampling mode on NIR spectral feature and calibration 
models 
Experiments were carried out to examine the effect of sampling modes (static 
and dynamic) on the NIR spectral features of the flakes. The flakes from all 
the calibration batches were subjected to NIR spectral acquisition using static 
and dynamic modes from both the upper side and the under side of the flakes, 
perpendicular to the flake surface. The obtained spectra were pretreated with 
SNV followed by 1st derivative, and SNV followed by 2nd derivative 
preprocessing. Careful examination of the spectra (Figure 16 and Figure 17) 
obtained using different strategies showed the exhibition of certain spectral 
differences. The observed spectral differences illustrated the importance of 
adopting appropriate and similar sampling strategies for both calibration and 
actual testing for use in the real-time roller compaction process.  
All the models built using different strategies were compared to determine the 
appropriate sampling mode and preprocessing method for finding the optimal 
calibration models. Performances of the models were compared on the basis of 
figures of merits as shown in Table 5, Table 6, Table 7 and Table 8. In these 
tables, the calibration models of TS, E and RD built from 4 % w/w µCPM 
containing flakes were only compared. The calibration models built from 
static sampling mode showed inferior performance in terms of figures of 
merits, irrespective of the spectral pre-processing technique for all types of 
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NIR probes. This is quite interesting as most previous studies based on static 
spectral acquisition reported improved performances of the models due to their 
smooth surface of the flakes (Gupta et al., 2004, 2005b, a, c; Soh et al., 2007). 
In this study, the performances of the models were poorer with models built 
using static spectral data. This could also be due to the differences NIR light 
travel path lengths during each static spectral acquisition from the undulated 
flake surface. In dynamic spectral acquisition, performances of models were 
improved as the differences in NIR light travel path lengths were compensated 
by the continuous movement of the flake surfaces during measurements. 
Hence, it was more appropriate to capture the NIR spectra of the calibration 
batches in a dynamic mode, which also simulated the movement of flakes as in 















Figure 16: Spectral difference observed for the same piece of flake with 
dynamic and static sampling strategies. Spectra were captured from 
the upper side of the flakes using QR400 probe and pretreated with 
SNV followed by 1st derivative. In this plot, X and Y axes 














Figure 17: Spectral difference observed for the same piece of flake with 
dynamic and static sampling strategies. Spectra were captured from 
the upper side of the flakes using QR400 probe and pretreated with 
SNV followed by 2nd derivative. In this plot, X and Y axes 

















Table 5: Summary of the figures of merits obtained for calibration models 







(%)  Calibration 
X Y 
 R2 RMSEC RMSECV 
QR 200 (Upper side)        
µCPM 3 58.31 85.75  0.858 1.067 1.102 
TS (4% µCPM) 5 69.22 89.10  0.891 0.099 0.172 
E (4% µCPM) 5 69.17 89.04  0.890 1.055 1.828 
RD (4% µCPM) 5 68.70 86.48  0.865 0.009 0.017 
        
QR 200 (Under side)        
µCPM 5 78.79 84.56  0.846 1.100 1.182 
TS (4% µCPM) 4 72.33 87.90  0.879 0.105 0.149 
E (4% µCPM) 4 72.29 87.36  0.874 1.141 1.586 
RD (4% µCPM) 2 70.72 70.38  0.704 0.014 0.016 
        
QR 400 (Upper side)        
µCPM 4 82.79 93.53  0.935 0.718 0.738 
TS (4% µCPM) 12 97.88 96.75  0.968 0.055 0.116 
E (4% µCPM) 11 97.48 96.15  0.962 0.636 1.011 
RD (4% µCPM) 8 95.57 91.56  0.916 0.007 0.010 
        
QR 400 (Under side)        
µCPM 3 72.62 92.73  0.927 0.754 0.771 
TS (4% µCPM) 7 92.19 87.89  0.879 0.107 0.151 
E (4% µCPM) 7 92.21 88.66  0.887 1.092 1.529 
RD (4% µCPM) 7 92.11 88.84  0.888 0.009 0.012 
        
QR 600 (Upper side)        
µCPM 4 80.62 95.27  0.953 0.616 0.623 
TS (4% µCPM) 8 95.02 90.11  0.901 0.096 0.155 
E (4% µCPM) 9 95.65 92.41  0.924 0.894 1.519 
RD (4% µCPM) 8 95.03 90.23  0.902 0.008 0.011 
        
QR 600 (Under side)        
µCPM 3 77.25 88.06  0.881 0.968 1.011 
TS (4% µCPM) 7 94.19 87.47  0.875 0.107 0.148 
E (4% µCPM) 11 97.36 95.83  0.958 0.658 1.008 
RD (4% µCPM) 7 94.30 91.13  0.911 0.008 0.011 
76 
 
Table 6: Summary of the figures of merits obtained for calibration models 







(%)  Calibration 
X Y 
 R2 RMSEC RMSECV 
QR 200 (Upper side)        
µCPM 3 63.87 96.64  0.966 0.515 0.528 
TS (4% µCPM) 3 72.78 93.04  0.930 0.081 0.097 
E (4% µCPM) 3 72.51 94.16  0.942 0.785 0.942 
RD (4% µCPM) 3 69.98 93.69  0.937 0.006 0.007 
        
QR 200 (Under side)        
µCPM 4 77.85 97.04  0.970 0.478 0.489 
TS (4% µCPM) 4 82.94 95.98  0.960 0.061 0.076 
E (4% µCPM) 4 82.73 95.94  0.960 0.653 0.806 
RD (4% µCPM) 4 83.18 94.72  0.947 0.006 0.007 
        
QR 400 (Upper side)        
µCPM 2 82.73 96.33  0.963 0.538 0.542 
TS (4% µCPM) 3 95.09 92.77  0.928 0.083 0.089 
E (4% µCPM) 3 94.94 93.60  0.936 0.822 0.880 
RD (4% µCPM) 5 97.17 96.52  0.965 0.005 0.006 
        
QR 400 (Under side)        
µCPM 2 70.67 99.27  0.993 0.239 0.241 
TS (4% µCPM) 4 92.89 94.64  0.946 0.068 0.077 
E (4% µCPM) 4 91.16 94.98  0.950 0.719 0.810 
RD (4% µCPM) 4 93.11 94.87  0.949 0.006 0.007 
        
QR 600 (Upper side)        
µCPM 3 79.51 96.25  0.963 0.543 0.555 
TS (4% µCPM) 5 92.68 82.05  0.821 0.130 0.156 
E (4% µCPM) 4 91.17 81.57  0.816 1.393 1.657 
RD (4% µCPM) 6 93.78 92.13  0.921 0.007 0.013 
        
QR 600 (Under side)        
µCPM 2 60.42 96.47  0.965 0.527 0.532 
TS (4% µCPM) 3 86.51 87.75  0.878 0.104 0.115 
E (4% µCPM) 4 87.51 91.52  0.915 0.921 1.073 




Table 7: Summary of the figures of merits obtained for calibration models 







(%)  Calibration 
X Y 
 R2 RMSEC RMSECV 
QR 200 (Upper side)        
µCPM 4 23.85 87.50  0.875 0.997 1.249 
TS (4% µCPM) 2 24.84 56.21  0.562 0.204 0.265 
E (4% µCPM) 2 24.67 55.31  0.553 2.179 2.824 
RD (4% µCPM) 2 24.38 55.29  0.553 0.017 0.022 
        
QR 200 (Under side)        
µCPM 5 46.22 85.80  0.858 1.055 1.262 
TS (4% µCPM) 3 36.10 84.51  0.845 0.117 0.181 
E (4% µCPM) 3 36.37 83.90  0.839 1.288 1.958 
RD (4% µCPM) 3 36.37 78.88  0.789 0.012 0.017 
        
QR 400 (Upper side)        
µCPM 4 81.13 94.04  0.940 0.690 0.707 
TS (4% µCPM) 9 91.46 96.05  0.961 0.061 0.105 
E (4% µCPM) 8 90.73 94.96  0.950 0.728 1.655 
RD (4% µCPM) 7 88.82 94.11  0.941 0.006 0.010 
        
QR 400 (Under side)        
µCPM 4 71.33 94.64  0.946 0.648 0.676 
TS (4% µCPM) 6 76.13 91.34  0.913 0.090 0.169 
E (4% µCPM) 6 76.13 91.76  0.918 0.931 1.804 
RD (4% µCPM) 4 68.33 86.66  0.867 0.009 0.013 
        
QR 600 (Upper side)        
µCPM 5 75.41 95.08  0.951 0.628 0.660 
TS (4% µCPM) 6 80.95 79.54  0.795 0.139 0.191 
E (4% µCPM) 6 80.91 81.47  0.815 1.396 1.933 
RD (4% µCPM) 6 80.83 85.82  0.858 0.010 0.013 
        
QR 600 (Under side)        
µCPM 4 73.62 90.53  0.905 0.862 0.895 
TS (4% µCPM) 8 87.74 81.13  0.811 0.133 0.198 
E (4% µCPM) 8 87.75 84.63  0846 1.272 1.868 




Table 8: Summary of the figures of merits obtained for calibration models 







(%)  Calibration 
X Y 
 R2 RMSEC RMSECV 
QR 200 (Upper side)        
µCPM 3 29.07 95.28  0.953 0.617 0.674 
TS (4% µCPM) 7 45.78 97.36  0.974 0.049 0.116 
E (4% µCPM) 7 44.27 97.26  0.973 0.531 1.328 
RD (4% µCPM) 5 38.29 93.53  0.935 0.007 0.012 
        
QR 200 (Under side)        
µCPM 5 38.20 95.20  0.952 0.613 0.687 
TS (4% µCPM) 5 32.80 95.77  0.958 0.063 0.108 
E (4% µCPM) 6 33.17 97.05  0.971 0.558 1.088 
RD (4% µCPM) 6 34.18 97.54  0.975 0.004 0.008 
        
QR 400 (Upper side)        
µCPM 2 64.77 97.51  0.975 0.448 0.459 
TS (4% µCPM) 4 55.61 96.27  0.963 0.057 0.076 
E (4% µCPM) 4 55.80 96.00  0.960 0.640 0.856 
RD (4% µCPM) 3 52.76 95.97  0.960 0.005 0.007 
        
QR 400 (Under side)        
µCPM 2 31.49 98.18  0.982 0.377 0.397 
TS (4% µCPM) 4 84.10 96.50  0.965 0.058 0.071 
E (4% µCPM) 4 84.09 96.73  0.967 0.589 0.719 
RD (4% µCPM) 4 83.74 97.37  0.974 0.004 0.005 
        
QR 600 (Upper side)        
µCPM 3 60.93 96.71  0.967 0.512 0.524 
TS (4% µCPM) 2 60.99 80.31  0.803 0.136 0.151 
E (4% µCPM) 2 61.04 81.68  0.817 1.388 1.496 
RD (4% µCPM) 5 78.20 92.32  0.923 0.007 0.011 
        
QR 600 (Under side)        
µCPM 3 69.82 96.82  0.968 0.499 0.510 
TS (4% µCPM) 7 89.69 92.92  0.929 0.082 0.151 
E (4% µCPM) 7 89.61 94.38  0.944 0.769 1.445 
RD (4% µCPM) 5 86.09 94.62  0.946 0.006 0.007 
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4.1.4 Effect of pre-processing method on calibration models 
In NIR spectroscopy, the choices of spectral regions and spectral 
preprocessing methods to be used for building the calibration models are of 
great importance. In this study, entire wavelength range (980-1900 nm) was 
used to build the calibration models. It is a general principle that a 
parsimonious model, a model with fewer components and variables than the 
full components or variables, will result in a model with optimal calibration 
statistics since the number of model parameter is sparse. However, it could be 
advantageous in some cases to keep some of the wavelengths (X) with even 
the slightest correlation (with respect to the component (Y)) to span the 
multidimensional space especially when the sample is moving, or varies 
rapidly with time (Honigs, 1992; Beebe et al., 1998; Esbensen, 2004). Figure 
18 shows that all the flake components exhibited regions of meaningful 
correlations thorough out the entire wavelength range but almost all the 
regions are overlapping.  On the other hand, spectral preprocessing is usually 
performed to remove unwanted scattering features incorporated in NIR spectra 
which are often due to the differences in sizes of the constituent particles and 
other interfering factors which do not provide any information about the 
chemical concentration of the analyte of interest (Blanco et al., 1997; Olinger 
and Griffiths, 1993a, b). Figure 19, Figure 20, Figure 21 and Figure 22 show 
the raw, SNV, SNV followed by 1st derivative and SNV followed by 2nd 
derivative preprocessed spectra of calibration batches of flakes for the entire 
spectral range of 980-1900 nm, respectively. Figure 21 and Figure 22 depict 
the corrections of both shift and curvature of the baselines obtained after 
processing the spectra with SNV followed by derivative preprocessing. 
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In the case of PLS1 calibration models built from dynamic NIR spectra of 
three different probes, the performances of calibration models were found to 
be better when SNV followed by 1st derivative was used (Table 6). The 
RMSEC and RMSECV values were found to be decreased considerably with 
these calibration models employing less number of PCs. In addition, low X 
explained variances were observed with the calibration models built using 
SNV followed by 2nd derivative spectra (Table 8).  
4.1.5 Effect of probe position on calibration models 
The PLS1 calibration models built from the dynamic spectra collected from 
the upper side and the under side of the flakes were compared on the basis of 
figures of merits (Table 6 and Table 8). The performances of calibration 
models were found to improve with under side spectral acquisition irrespective 
of pre-processing methods for all three NIR probes. The RMSEC and 
RESECV values were reduced for all the models with under side spectral 
acquisition strategy employing less or same number of PCs. Moreover, X and 
Y explained variances with models were comparable for both spectral 
acquisition strategies. By the upper side spectral acquisition, the constant gap 
between the flake surface and the probe could not be maintained for all the 
batches due to the differences in flake thickness. The flake thickness was 
found to increase with higher µCPM content and RF (Figure 23). This 
observation could be attributed to higher feed rate at high RF, and as µCPM is 
less compressible, higher concentrations of µCPM also resulted in thicker 
flakes. In addition, it was also found that the serrations on the flake surface 
tended to break at higher RF and this led to decrease in the flake thickness. As 
a consequence, the slopes of the curves were found to show decreased trends 
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at higher RF (Figure 23). Using the under side spectral acquisition, the 
variations in flake thickness did not adversely affect the specified gap between 
the flake surface and the probe. This gap was always maintained at a steady 
value as the flakes were always flat on the two parallel conveyor belts as they 
traverse the measurement probe. Therefore, the improved performance with 
the under side spectral acquisition model could be attributed to the ability of 
the process to maintain the gap between the flake surface and the probe within 
a narrower range.  
 
 
Figure 18: SNV followed by 1st derivative preprocessed NIR reflectance 
spectra of flake components in powder form. In this plot, X and Y 














Figure 19: Raw NIR reflection spectra of calibration batches captured from the 
upper side of the flakes using QR 400 NIR probe. In this plot, X 




Figure 20: SNV pretreated NIR reflection spectra of calibration batches 
captured from the upper side of the flakes using QR 400 NIR 
probe. In this plot, X and Y axes represent the wavelength (nm) 




Figure 21: SNV followed by 1st derivative pretreated NIR reflection spectra of 
calibration batches captured from the upper side of the flakes 
using QR 400 NIR probe. In this plot, X and Y axes represent the 
wavelength (nm) and absorbance, respectively. 
 
 
Figure 22: SNV followed by 2nd derivative pretreated NIR reflection spectra 
of calibration batches captured from the upper side of the flakes 
using QR 400 NIR probe. In this plot, X and Y axes represent the 




Figure 23: Thickness of 10 flakes (cm) at different µCPM concentration and 
RF 
 
4.1.6 Effect of probe diameter (spot size) on calibration models 
Three NIR diffuse reflectance measurement probes, QR 200, QR 400 and QR 
600 with the beam sizes of 0.6, 1.2 and 1.8 mm respectively, were used for 
this study. The calibration models of these three probes built from SNV 
followed by 1st derivative preprocessed dynamic spectra were compared in 
terms of figure of merits (Table 6). The lowest RMSEC, RMSECV and 
number of PC were found with the QR 400 calibration models for all the 
models using both sampling strategies (upper side or under side). For QR 200 
and QR 600 probes, µCPM content was found to be better modeled by QR 600 




























probes were further compared on the basis of the prediction results using test 
set samples for known µCPM concentrations (Table 9). The lower standard 
deviation (S.D.) values were found for QR 400 probe and higher values were 
with QR 200 for all the µCPM concentrations studied. The lower S.D. values 
with QR 400 compared to QR 200 suggested that the QR 400 may be 
averaging the variations of multiple unit doses in a single scan due to larger 
beam size.  Interestingly, the lowest S.D. as attributed to strong averaging 
effect was not for the QR 600 probe despite having largest beam size. This 
could be due to acquisition of less stable spectra with small changes in the 
position of probe, specifically between the wavelength region of 1200 to 1400 
nm. The QR 600 probe had also to be kept closer to flake surface as compared 
with the other two probes for capturing relatively good quality spectra. 
Increasing the gap between QR 600 probe and flake surface led to poorer 
quality spectra captured. Therefore, minor distortions on the flake surface and 
differences in flake surface profile, which were common in undulated flakes, 
could not be as well compensated for the QR 600 probe, leading to higher S.D. 
values. The QR 400 probe overall the best and hence was selected for NIR 
spectra capture in the real-time roller compaction study. 
Among the models, the µCPM concentration model showed the best results in 
terms of the numbers of PC used, explained variances and residual errors at 
calibration and validation stages. This could be attributed to the uniform 
distribution of µCPM and strong spectral quality of CPM throughout the blend 
during mixing of the blend components, especially during premixing of µCPM 
and lactose in high shear mixer. On the other hand, relatively inferior models 
were found with other flake attributes may be due to the larger variabilities in 
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flake physical quality attributes. These later attributes also gave comparatively 
weaker spectral fingerprints. 
 
Table 9: Standard deviations of prediction results from test set sample. NIR 
spectra collected from the under side of the flakes 
Probe 
µCPM concentration  
(%, w/w) 
0 2 4 6 8 
Standard deviation (S.D.) 
QR 200 0.41 0.35 0.45 0.94 0.99 
QR 400 0.25 0.25 0.26 0.23 0.27 
QR 600 0.19 0.24 0.35 0.86 0.79 
 
4.1.7 Selection of best calibration models for real-time analysis 
Sampling mode, spectral preprocessing method, probe position and beam size 
played an important role in building the best calibration models for µCPM 
concentration, TS, E, and RD of undulated flakes off-line. From the above 
findings, dynamic mode of spectral acquisition from the under side of the 
flakes using QR400 probe and SNV followed by 1st derivative spectral 
pretreatment were found to be optimal for building the best calibration models. 
The efficiencies of the best calibration models were further confirmed by the 
test set validation (Table 10). All the models were found to exhibit linearity 
within the span of calibration and validation ranges as confirmed from the R2 
values. Figure 24, Figure 25, Figure 26 and Figure 27 depict the predicted vs. 
reference plot for µCPM content and other properties of flakes (RD, TS and E) 
containing 4 % µCPM. Accuracy of the models developed was estimated 
87 
 
based on RMSE (root mean square error of prediction with test set) and bias 
values obtained from test set validation. Results obtained for RMSE and bias 
values confirmed the accuracy of the models for predicting the µCPM and 
other properties of flakes containing 4 % µCPM. A further estimate of 
accuracy for µCPM content, TS, E and RD was given by the standard 
deviations of the residuals obtained after the test set validation (Table 10). 
 
Table 10: Validation results obtained with test set. Validation results of TS, E 
and RD on flakes containing 4 %, w/w µCPM. 
Statistics  µCPM  TS  E  RD 
Samples  25  5  5  5 
No of PC  2  6  6  5 
Slope  1.005  0.917  0.918  0.998 
Offset  -0.052  0.070  1.032  0.002 
Correlation  0.994  0.983  0.982  0.983 
R2  0.988  0.961  0.962  0.964 
RMSE  0.303  0.060  0.774  0.006 
Bias  -0.031  -0.014  -0.120  0.001 





Figure 24: NIR-PLS1 regression model for µCPM concentration. Points in 
blue colour in the regression plots in the regression plots indicate 




Figure 25: NIR-PLS1 regression model for RD at 4 % µCPM content. Points 
in blue colour in the regression plots in the regression plots indicate 





Figure 26: NIR-PLS1 regression model for TS at 4 % µCPM content. Points in 
blue colour in the regression plots in the regression plots indicate 




Figure 27: NIR-PLS1 regression model for E at 4 % µCPM content. Points in 
blue colour in the regression plots in the regression plots indicate 




4.1.8 Application of best calibration models for real-time roller compaction 
process analysis 
4.1.8.1 System performance of real-time application 
Results obtained from the initial calibration and validation studies confirmed 
the accuracy of the developed models to predict the µCPM concentration, TS, 
E and RD of flakes. However, the next objective was to apply the developed 
models for their application in real-time monitoring during roller compaction 
process. Considering the differences between the spectral acquisition in 
calibration stage using a conveyor belt and production stage using a 
rectangular channel, the occurrence of spectral artefacts was anticipated. 
These artefacts could be detrimental to cross correlation studies and may lead 
to erroneous predictions. Hence, it was imperative to standardize the measured 
spectra in order to minimize the incorporation of process borne effects during 
predictions. A possible treatment to minimize such differences was to 
standardize the flake movement’s speed and spectral acquisition times during 
the calibration and production stages and to pretreat the spectra with suitable 
preprocessing techniques which had been shown to be able to minimize such 
effects. Equivalent linear speed of conveyor belt as roll speed, a fixed 
integration time of 100 ms for spectral acquisition and different pretreatments 
were adopted at the calibration and production stages of analyses. 
4.1.8.2 Real-time analysis of flakes 
The best calibration models were uploaded into the Process Explorer using the 
OLUP to predict the µCPM content, TS, E and RD from the real-time spectral 
data collected during roller compaction. Good agreement was observed 
between the NIR predicted and the reference values for all flake attributes. 
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Very little scatter was observed in the PLS1 predicted values for µCPM 
concentration (Figure 28) but relatively larger scatter was observed in the case 
of PLS1 predicted values for RD (Figure 29), TS (Figure 30), and E (Figure 
31). These results concur with the findings reported by Gupta et al. (2005c) for 
the smooth roller compacted flakes. In addition, it was also observed that at 
time points 2, 4, 6 and 8 min, PLS1 predicted RD, TS and E values rose to 
higher values and decreased thereafter to steady state levels. These were the 
time points when the RF values were changed to higher values (Figure 32). 
When RF was changed, vertical feeding screw speed was momentarily 
increased and then decreased by the automatic feedback system to reflect that 
higher RF value. This observation was also detected by the NIR spectra that 
were predicting the flakes attributes.      
This good agreement between the NIR predicted and reference values in real-
time for the undulated flakes despite their roughness could be attributed the 
almost complete simulation of the situation during NIR real-time monitoring 
in the off-line monitoring set-up. Selection of suitable spectral preprocessing 
method and fibre optic probe diameter also helped to build best PLS1 
calibration model for determining the key flake attributes from the real-time 
spectral data.   
A continuous but small amount of powder always leaked along the side seals 
during roller compaction. This resulted in the deposition of dust on the probe 
and generation of dust clouds in the spectral acquisition region. Previous study 
had shown that these dust particles affected the NIR predicted values by 
causing additional scatter of NIR signal (Gupta et al., 2005c). However, for 
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the present study, these dust particles were removed from spectral acquisition 
region by applying vacuum at the cover along the upper side of rectangular 
channel. A similar scatter was observed in the NIR-PLS1 predicted values 
from both real-time and test set validation data. Hence, it can be concluded 














Figure 28: PLS1 predicted values of µCPM concentration from the NIR data 
collected during real-time monitoring of roller compaction.  
 
 
Figure 29: PLS1 predicted values of RD from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 








































Figure 30: PLS1 predicted values of TS from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 
using reference method as diamonds. 
 
 
Figure 31: PLS1 predicted values of E from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 





































Figure 32: RF and vertical feeding screw speed during roller compaction of 4 
% µCPM containing powder blend 
 
4.1.9 Continuous quality monitoring of the roller compaction process 
US-FDA in its PAT guidance (FDA, 2004) encouraged pharmaceutical 
manufacturers to voluntarily develop and implement new technologies in 
pharmaceutical production and quality control for real-time measurement of 
critical product and process parameters. PAT implies building quality into 
products through better understanding and control of the manufacturing 
process, rather than merely testing the quality of the end product. With the 
experimental set-up discussed in this study, PAT goals of continuous quality 
monitoring of the process could be achieved successfully. As demonstrated, 











































higher or lower percentage of API as well as the over and less compressed 
flakes in real-time. These out of specification flakes eventually may affect the 
final product quality. Therefore, flakes that do not met specifications can be 
separated out in real-time and roller compaction process parameters can be 
readjusted for production of flakes within specifications to ensure final 
product quality.  
 
4.2 Study II: Selection of the cone milling process parameters for the 
comminution of undulated roller compacted flakes by adopting minimal 
fines, milling energy and higher milling rate approach 
4.2.1 Preliminary studies and results 
Roller compaction studies were conducted to determine the optimal operating 
range for producing flakes of acceptable quality using a placebo blend. The 
roller compactor was operated using an automated mode where the desired RF 
can be set independent of the RS, with screw speed varied automatically. The 
selected RF for this study was 50 kN. It was observed that the flakes could be 
produced at 50 kN RF with different selected RSs from 2.6 to 7 rpm. 
However, when production of flakes at higher RSs beyond 7 rpm were 
attempted, extreme laminations were seen although the same RF (50 kN) was 
used. Lower roll speed, in the selected range, provided better opportunities for 
the flakes to bond due to the longer dwell times. This in turn reduced the 
lamination tendency of the flakes upon exiting from the compression zone. 
Therefore, a low roll speed of 2.6 rpm was chosen for this study. 
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Studies were initially carried out on conical screen mill to identify the suitable 
screen aperture size and impeller speed range. Flakes produced at 50 kN RF, 
smooth screen, grater screen and I-1 impeller were used for the preliminary 
exercise. The amount of flakes to be choke-fed was determined based on the 
conical screen volume (~ 380 ml). It was found that this conical screen volume 
can accommodate maximum 200 g of flakes. The screen aperture size and the 
impeller speed range were selected based on the percentage of fines (<180 
μm) and coarse particles (>1400 μm) produced after milling. Table 11 and 
Table 12 show the specifications of smooth and grater screens, respectively. 
Screen attributes taken into consideration include aperture diameter, thickness 
and open area (%) along with the thickness of spacer bushing used to maintain 
the minimum gap between impeller and screen. Cut off points for percentages 
of fines and coarse particles in a granule population were arbitrarily selected to 
be less than 50 % and 10 %, respectively. From this preliminary study, 2388 
μm screen aperture size and impeller speeds ranging from 1200 to 2800 rpm 

























2A045R03137 1143 787.4 37 5080 
2A075R05051 1905 1270.0 51 4445 
2A094R05041 2388 1270.0 41 4445 
2A125R05040 3175 1270.0 40 4445 
2A187R03751 4750 939.8 51 6350 
 
 














2A040G03122329 1016 787.4 22 5080 
2A079G03123120 2007 787.4 23 3810 
2A094G03123121 2388 787.4 23 3175 
2A125G03123126 3175 787.4 23 3175 
2A187G03123132 4750 787.4 23 6350 
 
4.2.2 Effect of impeller sidearm shapes and screen types on the granules size 
and size distribution at different impeller speeds 
Figure 33 shows the effect of different impeller sidearm shapes and screen 
types on the MMD of the milled granules at different impeller speeds. It was 
clear that the grater screen consistently produced granules with significantly 
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larger MMD values (ANOVA, p < 0.05) than the smooth screen at different 
impeller speeds for the same type of impeller. Among the impellers, I-2 
impeller tended to produce granules with larger MMD irrespective of screen 
type. However, the differences in the MMD of granules produced by different 
impellers were relatively small when grater screen was used. On the contrary, 
the differences in granule sizes produced by different impellers were marked 
when the screen was smooth. More specifically, very small granules (~ 200 
μm) were produced by impellers I-3, I-4 and I-5 fitted with a smooth screen at 
different impeller speeds. No effect of impeller speed on granule size was 
observed when using the same three impeller types.  
 
 
Figure 33: MMD of granules after milling 200 g of flakes at different milling 











































































The uneven surface of the grater screen due to the raised impaction edges of 
the holes allowed the flakes to trap more firmly between screen and impeller, 
which caused the flakes to break more readily by shearing action and faster 
release of the milled material from the milling chamber. In case of the smooth 
screen, flakes were not trapped as firmly and this resulted in a slippage of 
flakes between the impeller and the screen. This led to the longer residence 
time of flakes inside the milling chamber, causing prolonged total milling time 
and increased the extent of size reduction and formation of smaller granules or 
even fines due to greater impact. However, this mechanism was applicable for 
impellers I-1, I-3, I-4 and I-5 but not I-2 when used with the smooth screen. 
This observation could be attributed to the pre-breaking action of I-2 impeller. 
Pre-breaking of flakes by the pointed teeth of I-2 impeller led to the 
production of smaller sized flakes which were easily trapped in between the 
round sidearm of the I-2 impeller and the smooth screen, thus facilitating the 
passage of milled flakes from the milling chamber (Figure 34B). For the 
impellers I-1, I-3, I-4 and I-5, they lack the geometric teeth-like protrusions of 
I-2 impeller to assist in the breaking of flakes to sizes suitable for trapping in 
between the impeller sidearm and screen. To some extent, I-1 impeller 
demonstrated some capacity to trap the flakes in between impeller sidearm and 
screen, allowing compressive forces to act on the screen surface to impinge 
the trapped material more aggressively and to expel comminuted flakes from 
milling chamber, but it lacked the more efficient pre-breaking of I-2 impeller 
(Figure 34A). The size reduction mechanism of I-3 impeller was the high 
shear force due to the presence of its sharp edge (Figure 34C), which led to the 
production of slightly bigger granules than those produced by I-4 or I-5 
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impeller (Figure 33). Conversely, the side arms of the I-4 impeller were flat-
faced with sharp edges, and because they were parallel to the screen surface, 
the I-4 impeller produced rather low shear action (Figure 34D). The I-5 
impeller is almost similar to I-4 impeller but with a positive leading edge, 
which provided some sort of forward compressive action like impeller I-1, but 
it lacked the ability to efficiently break flakes (Figure 34E). When used in 
combination with the smooth screen, I-1 impeller produced slightly larger 
sized granules than the ones produced by I-3, I-4 or I-5 impellers. This may be 
attributed to its ability to provide stronger compressive action. No significant 
differences (ANOVA, p > 0.05) in the MMD of the granules were observed 
when smooth screen was used with I-2 impeller or the grater screen with any 
of the remaining four types of impeller. Clearly, the pre-breaking of the flakes 
by I-2 impeller was akin to the action of the grater surface of the screen. 
Therefore, it was concluded that the MMD values for the granules were the 
largest when the impeller along with the shearing and trapping of flakes due to 
the raised impaction edge of the grater screen gave rise to the pre-breaking of 
flakes. This situation occurred when the I-2 impeller was used with the grater 





Figure 34: Size reduction mechanisms of different impellers 
 
Figure 35 shows the span values of the granules produced after milling of 
flakes using combinations of the five impeller types and two different screens 
at various impeller speeds. Smaller span values were observed with the 
granules produced by the grater screen. It was found that an increase in 
impeller speed tended to decrease the span values with smooth screen, except 
that an increase was noted for I-2 impeller, as for when the grater screen was 
used. It was previously observed that the MMD of the granules was not 
markedly affected by the impeller speed except for I-2 impeller with the 
smooth screen. Therefore, decreased span value with increasing impeller 
speed was mainly attributed to the decrease in d90 of the granules and not the 
d10 values, which had remained relatively constant (Table 13). On the other 
hand, the increase of span value at higher impeller speeds with the grater 
screen was primarily due to the decrease in both d50 and d90 values of the 
103 
 
granule batches with increase in impeller speed (Table 14). The d10 values 
were rather similar throughout for both screens. Span values of the granules 
produced using either smooth or grater screen were comparable when I-2 
impeller was used. 
 
 
Figure 35: Span of granules after milling 200 g of flakes at different milling 













































































































































































































































































































4.2.3 Effect of impeller speeds and types with different screens on the 
percentage of fines generated during milling 
The generation of fines during compaction and milling is a major problem in 
the pharmaceutical industry, especially when potent active ingredients are 
involved. Fines generation is undesirable as it contributes to material loss and 
environmental pollution. Selection of suitable formulation ingredients and 
their concentrations (e.g. binder) as well as proper processing conditions can 
help to reduce the generation of fines. However, as dry granulation does not 
involve the addition of binding liquid, it results in less efficient distribution of 
binder particles, if added, throughout the blend, which also means composite 
particles formed tended to be loosely held together. As such, milling step is 
much more critical in the dry granulation process as a culprit for fines 
generation.    
The effect of impeller sidearm shapes, screen types and impeller speeds on the 
amount of fines (%) generated during milling is shown in Figure 36. 
Generally, smooth screen produced more fines compared to grater screen in 
spite of having higher percentage of open area. However, the smooth screen 
performance was comparable with the grater screen when the I-2 impeller was 
employed. In addition, it was also found that I-2 impeller produced the lowest 
amount of fines with both screen types.  
In a milling operation, the combination of impeller and screen was considered 
to be superior if it produces granules with the same MMD as granules 
produced by another set of mill conditions but with less fines. Hence, for 
comparison of two batches of granules with respect to the amount of fines, it 
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would be ideal to use granule batches with similar MMD values. Therefore, 
from the observations in Section 4.2.3, mill settings were broadly classified 
into four categories depending on the presence or absence of pre-breaking 
action from the impeller and shearing action from the screen (Table 15). In 
Figure 37, the amount of fines generated is plotted as a function of MMD 
values of the granules produced under different mill settings. At a targeted 
MMD of the granules, the minimal amounts of fines (%) were generally 
generated using Category I mill setting followed by Category II, III and IV. 
Synergistic actions (pre-breaking, shearing and trapping) brought about by 
Category I mill setting produced the lowest amount of fines whereas, highest 
amount of fines was produced in Category IV mill setting which was devoid 
of all these actions. From Figure 37, it was also observed that Category II mill 
setting tended to produce lesser amounts of fines compared to Category III 
mill setting producing mill particles of equivalent MMD values. Therefore, it 
was concluded that pre-breaking of flakes was more important than the 
shearing and trapping of flakes in minimizing fines generation.  From these 
findings, it was found that the pre-breaking action of flakes had mirrored the 
amount of fines formed. It was previously reported that in wet granulation, the 
extent of size reduction mainly determined the amount of fines formed and a 
lower degree of size reduction was associated with less fines (Verheezen et al., 
2004). Findings from this study concurred with the concept that pre-breaking 
action mainly broke the flakes into smaller size before passing through the 




Fines formation can also be reduced by the application of multiple step 
milling. Multiple step milling reduced fines by reducing the degree change in 
size reduction. However, increasing the number of separate milling steps 
reduced the efficiency of the manufacturing process. Therefore, the 
application of in-situ pre-breaking of roller compacted flakes inside the 
milling chamber would be the better approach at minimizing the amount of 
fines generated as well as optimizing milling efficiency of the overall 
manufacturing process. 
 
Figure 36: Percent fines produced after milling 200 g of flakes at different 





































































Table 15: Combinations of impeller and screen in different mill setting 
 Category 
 
I II III IV 
Screen 














Shearing & trapping 
(Screen) 
√ - √ - 
Pre-breaking 
(Impeller) 




























4.2.4 Cone mill no-load power requirement 
Empty chamber or “no-load” power requirement of conical screen mill 
increased linearly by 56 % from 121.5 ± 1.19 W at 1200 rpm to 277.7 ± 1.56 
W at 2800 rpm (Figure 38). Increased power with increasing speed could be 




Figure 38: No-load power demand of conical screen mill with impeller speed 
 
4.2.5 Effect of impeller speed, screen type and impeller type on total specific 
energy 
Et is the total specific energy consumption of the mill. From energy 
consumption point of view, Et is important and it should be minimum for 
economical size reduction. Et of I-1, I-2, I-3, I-4 and I-5 for the milling of 
flakes increased by 44, 51, 39, 33 and 41 %, respectively, with increased 
impeller speeds from 1200 to 2800 rpm for smooth screen (Figure 39). Et for 



















I-1, I-2, I-3, I-4 and I-5 were 136.2, 116.1, 146.1, 163.9 and 142.0 J/g, 
respectively, at 1200 rpm.  In case of grater screen, average Et values of I-1, I-
2, I-3, I-4 and I-5 increased by 53, 54, 53, 54 and 54 % from 108.8, 107.3, 
106.5, 107.3 and 107.0 J/g, respectively (Figure 39). Therefore, there was a 
significant increase (95 % confidence level) in total energy while milling with 
smooth screen compared to grater screen. Thus, it appeared that raised 
impaction edges on the grater screen were the causative factor for the reduced 
total specific energy. In the cone milling process, five different forces are 
involved and they include shear or impact force due to impeller rotation, 
resistance from screen, centrifugal force, centripetal force and gravitational 
force (Figure 40). During milling operation, the front tip portion of the 
impeller sidearm was constantly in contact with flakes and imparted shear or 
impact forces on flakes while the side of the impeller sidearm aligned with the 
screen was responsible for compressive forces on flakes. This compressive 
force was mainly due to the rotation of the impeller. The rotation of impeller 
created a centrifugal acceleration force which pushed the flakes towards the 
surface of the screen. Flakes were trapped between the side of the impeller 
sidearm and screen surface, causing compression and breakage of flakes. 
Resistance of screen was due to inner surface profile of the screen and was 
higher with grater screen than smooth screen due to the presence of raised 
impaction edges. Therefore, grater screen decreased the flakes residence time 
inside the milling chamber and caused in reduction of total specific energy. 
For smooth screen, resistance force of screen was less due to absence of raised 
impaction edges and the feed material remained inside the milling chamber for 
a longer period of time which resulted in the higher Et value. Furthermore, 
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longer residence time also resulted in the production of smaller granules with 
more fines due to more intense attritive forces.  
It was also observed that Et was affected by impeller type when the mill was 
fitted with a smooth screen, especially at reduced impeller speeds. It may be 
due the reduced impeller speed being insufficient to deliver the requisite force 
to fracture particles and increased the Et value for size reduction. This was 
more prominently seen with impellers I-1, I-3, I-4 and I-5. However, the Et 
values of I-2 impeller for size reduction were not much affected by reduced 
impeller speeds. This could be attributed to the pre-breaking action potential 
of I-2 impeller. On the other hand, little influence of impeller type on the Et 
values was observed for grater screen at reduced impeller speeds due to the 





Figure 39: Total specific energies (Et) for I-1, I-2, I-3, I-4 and I-5 with grater 
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Figure 40: Force involved in cone milling process 
 
4.2.6 Effect of speed, screen type and impeller type on effective specific 
energy 
Ee is the specific energy consumed in milling the feed material. The Ee is a 
portion of Et and is the actual energy used for directly stressing the particles 
inside the milling chamber. Ee decreased with impeller speed to minima for 
both type of screens used (Figure 41 and Figure 42). The lowest Ee value was 
obtained at 2400 rpm impeller speed for all type of impellers with the smooth 
screen. On the other hand, the grated screen had the lowest Ee values at 1600 
rpm impeller speed with impeller I-4; at 2000 rpm with impellers I-1, I-2 and 
I-5; and at 2400 rpm with impeller I-3. Increased impeller speed reduced the 
Ee to a certain extent due to two mechanisms. Firstly, increased impeller speed 
caused particles to transverse more rapidly in the direction parallel to the 
screen surface and secondly, delivered sufficient total specific energy to 
fracture particles. The latter was primarily due to the inherent increase in no-
load energy that was also influential at with-load energy. The increase of Ee 
116 
 
with increasing impeller speed after minima for Ee could be attributed to 
reduced trapping of particles between impeller sidearm and screen due to the 
higher fluidizing movement of particles in the milling chamber at higher 
impeller speeds. Fluidization of particles at higher impeller speed had also 
contributed to inefficiency in the milling system as fluidizing materials did not 
get into the intimate milling regions as efficiently and increased Ee apart from 
energy demand for moving the mill motor. However, average effective 
specific energy, Ee, was found to be significantly less (95 % confidence 
interval) for grater screen at all impeller speeds when compared with the 




Figure 41: Effective specific energies (Ee) of I-1, I-2, I-3, I-4 and I-5 with 
smooth screen at various impeller speeds 
 
Ee = 1E-05N2 - 0.045N + 60.33 (R² = 0.969)
Ee= 5E-06N2 - 0.022xN+ 35.94 (R² = 0.954)
Ee = 9E-06N2 - 0.040N + 53.96 (R² = 0.990)
Ee = 1E-05N2 - 0.061N + 74.79 (R² = 0.919)


























Figure 42: Effective specific energies (Ee) of I-1, I-2, I-3, I-4 and I-5 with 
grater screen at various impeller speeds 
 
4.2.7 Effect of screen type, impeller type and impeller speed on milling rate 
Figure 43 shows the actual milling data for the cumulative weight of milled 
granules obtained with milling. For the determination of the milling efficiency 
in terms of mill output rate by the use of various combinations of mill 
variables, the milling rate for the first part of the load, 125 g flakes, was 
calculated. Milling of initial 125 g of flakes was used for the milling rate 
calculation because the rate of milling was linear and started to decrease after 
milling ~ 125 g of flakes for almost all combinations of mill variables. This 
change in rate could be due to the loss of the choke fed load condition over the 
rotating impeller after about 125 g of flakes was milled. In other words, it 
would be necessary to maintain a minimum of more than 75 g of flakes in the 
milling chamber to ensure a steady state milling rate. It was determined that 75 
g of flake occupied ~ 40 % of the conical screen volume.  Therefore, it is 
Ee = 3E-06N2 - 0.013N + 17.31 (R² = 0.996)
Ee = 4E-06N2 - 0.017N + 22.02 (R² = 0.777)
Ee = 2E-06N2 - 0.006N + 10.72 (R² = 0.322)
Ee = 4E-06N2 - 0.014N + 17.64 (R² = 0.894)


























necessary to maintain a minimum of more than 40 % load of conical screen 
volume to ensure a steady state milling rate. 
The results of milling rates from different combinations of mill variables are 
graphically represented in Figure 44. The results clearly show various effects 
of screen type, impeller sidearm shape and impeller speed on the milling rate.  
Grater screen always produced significantly higher milling rates compared to 
smooth screen (p<0.05). This has been explained based on the ability of the 
grater screen to trap, break and quick release of material from milling chamber 
due to its raised impaction edges. 
Among the impellers, I-1 and I-2 impellers tended to provide significantly 
higher milling rates when used in combination with smooth screen (p<0.05). 
However, there was no significant difference observed in milling rate when 
the impellers were used with the grater screen. Interestingly, I-4 impeller 
provided the highest milling rate at 2800 rpm impeller speed with grater 
screen. This could be attributed to the shattering effect of I-4 impeller at 2800 
rpm impeller speed by the hard flat impaction surface presented. The high 
impeller speed had contributed to hammer milling function to the mill.  
In general, increasing impeller speed caused increased milling rate. Previous 
studies have shown the decrease in milling rate with increasing impeller speed 
during milling of commercially available granules containing aspirin with 
10% starch. It was reported that low milling rate could be due to higher 
deflection of particles toward interior of the milling chamber than toward the 
screen at high impeller speed (Byers and Peck, 1990). However, for the 
present study, an opposite trend was observed, possibly due to much less 
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inward deflection of particles as flakes were much coarser than the reported 
aspirin granules.  
 
 
Figure 43: Cumulative weights of milled granules for different milling studies 
plotted against milling time. 
 
 
Figure 44: Effect of screen and impeller type on milling rate of flakes at 








































































4.3 Study III: Real-time monitoring of post-milled granule characteristics, 
milling energy and milling time 
4.3.1 Post-milled granule size, size distribution and fines 
Granules produced from calibration flake samples based on 52 full factorial 
design from the Study I were analyzed to ascertain the effect of µCPM 
concentration and RF on the granule size, size distribution and amount of fines 
(%, w/w).  Statistical analysis of the data obtained from the 52 factorial design 
using adjusted sum of squares method of ANOVA, indicated that RF exerted a 
significant effect on the MMD, span and fines of the granules (p<0.05). This 
indirectly indicated the significant effect of RF on the formation of flakes. 
MMD of granules increased whereas span and amount of fines decreased with 
higher RF. RF was a resultant effect of the speed of the counter rotating rolls 
and vertical feeding screw on powder being compacted among the various 
roller compaction process variables. Since flakes were prepared using the 
same roll speed of 2.6 rpm and roller compactor was operated using an 
automatic mode, the RF was only determined by the vertical feeding screw 
speed. It was observed that at higher RF, the speed vertical feeding screw 
speed was increased so as to supply sufficient powder into the compaction 
zone to maintain the desired higher RF, and thus producing stronger flakes. It 
has been reported that, for successful roller compaction, two conditions must 
be satisfied (Funakoshi et al., 1977). Firstly, an adequate supply of powder 
must enter the gripping zone and, secondly, the powder entering the gripping 
zone should be conveyed fully into the narrowest part of the roller gap. Higher 
vertical feeding screw speed increased the powder supply to the compaction 
zone and eventually yielded flakes with relatively higher mechanical strength. 
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When these flakes were milled, coarser granules with lower span and lesser 
fines were obtained. 
ANOVA analysis using adjusted sum of squares also showed a significant 
(p<0.05) influence of the µCPM concentration on the formation of flakes, as 
indicated by significant change in the MMD, span and amount of the fines of 
the granules obtained. In correlation loadings plot of PCA analysis, there was 
no correlation was observed between these granule attributes and µCPM 
concentration (Figure 45). This was most likely be due to the smaller changes 
of granule attributes with small variations in µCPM concentrations compared 
to RF. However, the interaction effect of µCPM and RF was found to have a 
positive correlation with MMD and a negative correlation with the span and 
fines of the granules. In Figure 45, PC-1 and PC-2 mainly represent the effect 
of RF and µCPM concentration on post-milled granule attributes, respectively. 
From Figure 46, Figure 47 and Figure 48, the interaction effects of µCPM 
concentration and RF on MMD, span and fines of the granules were also 
confirmed. The divergence trends of MMD (Figure 46), span (Figure 47) and 
amount of fines (Figure 48) plots are indicative of the interaction between 





Figure 45: PCA analysis of process parameter, formulation parameter and 




Figure 46: Variation in the MMD of the post-milled granules resulted from the 























Figure 47: Variation in the span of the post-milled granules prepared from the 




















Figure 48: Variation in the percent fines of the post-milled granules prepared 





























4.3.2 Effect of drug concentration and RF on total and effective specific 
milling energy 
Figure 49 and Figure 50 represent the average total, Et, and effective specific 
energy, Ee, requirement for the milling of flakes from Study I calibration 
batches, respectively, as a function of µCPM concentrations and RF. ANOVA 
analysis using adjusted sum of squares indicated that RF exerted a significant 
(p<0.05) effect on energy consumption, as indicated by significant change in 
the Et and Ee values. The smaller the RF, the higher was the Et and Ee for 
milling flakes. In other words, stronger flakes required higher specific energy 
to mill. This high energy consumption was mainly due to the presence of 
strong inter-particulate bonds resulted from high RF. On the other hand, there 
was no significant influence of µCPM concentration on energy consumption 
observed, as indicated by insignificant changes in the Et and Ee values.  These 
findings were further confirmed by a PCA analysis performed between the 
µCPM concentration, RF and specific energy requirements of flakes (Figure 
51). In this analysis, Et and Ee were found to be positively correlated with RF 
and not correlated with µCPM concentration. However, there was also no 
interaction effect of µCPM concentration and RF on energy consumption 





Figure 49: Variation in the Et required to mill 0 %, 2 %, 4 %, 6 % and 8 % 





















Figure 50: Variation in the Ee required to mill 0 %, 2 %, 4 %, 6 % and 8 % 






















Figure 51: PCA analysis of roller compaction process and formulation 
parameters, Et, Ee and milling rate of flakes in correlation loadings 
plot 
 
4.3.3 Effect of drug concentration and RF on milling rate 
Figure 52 represents the actual raw milling data for the cumulative weight of 
milled granules against milling time (sec). As mentioned earlier in section 
4.2.7, these milling results also showed decreased rate of milling after ~ 125 g 
of flakes for all 25 calibration batches of Study I. Therefore, milling rate was 
calculated based on the first 125 g flakes. Figure 53 shows the milling rates of 
flakes for the different calibration batches. The results show a significant 
decrease in milling rate with increase in RF (p<0.05). This result was further 
supported by correlation loading plot in PCA, where RF and milling rate were 
negatively correlated (Figure 51). Harder flakes resulted from higher RF 
increased the residence time within the milling chamber and decreased the 
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milling rate. However, there was no effect of µCPM concentration in flakes on 
milling rate was observed (Figure 51 and Figure 53).    
 
 
Figure 52: Cumulative weights of milled granules for different milling studies 





Figure 53: Variation in the milling rate during milling of 0 %, 2 %, 4 %, 6 % 
and 8 % µCPM containing flakes compacted at different RF 
 
4.3.4 Validation of the calibration models  
Calibration models were constructed using SNV followed by 1st derivative 
pretreated dynamic spectra captured from the under side of the moving flakes 
using QR 400 probe. Figure 54, Figure 55, Figure 56 and Figure 57 depict the 
predicted versus reference plot for post-milled granules MMD, fines, Ee 
required for milling and milling rate of flakes, respectively, containing 6 % 
µCPM. The efficiency of the calibration models was checked by the leave one 
out full cross validation (FCV) and test set validation (TSV) (Table 16). 
Linearity of the all the models was confirmed on the basis of the R2 values of 






















and reference values at the calibration and test set validation stages. Accuracy 
of the models developed was estimated based on RMSECV and bias values 
obtained from the leave one out full cross validation and on RMSE (root mean 
square error of prediction with test set) and bias values obtained from test set 
validation. Results obtained for RMSECV, RMSE and bias values confirmed 
the accuracy of the models for predicting the post-milled granules MMD, 
fines, Ee required for milling and milling rate of flakes containing 6 % µCPM. 
A further estimate of accuracy for the post-milled granules MMD, fines, Ee 
required for milling and milling rate was given by the standard deviation of 








Figure 54: NIR-PLS1 regression model for MMD at 6 % µCPM content. 
Points in blue colour in the regression plot indicate the calibration 
samples and in red colour are test set. 
 
 
Figure 55: NIR-PLS1 regression model for fines at 6 % µCPM content. Points 
in blue colour in the regression plot indicate the calibration samples 




Figure 56: NIR-PLS1 regression model for Ee at 6 % µCPM content. Points in 
blue colour in the regression plot indicate the calibration samples 
and in red colour are test set. 
 
 
Figure 57: NIR-PLS1 regression model for milling rate at 6 % µCPM content. 
Points in blue colour in the regression plot indicate the calibration 




Table 16: Leave one out full cross validation (FCV) and test set validation (TSV) results of post-milled granule attributes (MMD and fines), Ee 









Milling rate  
(g/s) 
 
FCV TSV  FCV TSV  FCV TSV  FCV TSV 
Samples  5 5  5 5  5 5  5 5 
Slope  0.940 0.991  0.926 1.032  0.958 1.009  0.907 0.951 
Offset  41.962 4.470  2.147 -0.978  0.270 -0.133  0.650 0.353 
Correlation  0.978 0.988  0.974 0.984  0.979 0.987  0.972 0.975 
R2  0.957 0.976  0.948 0.965  0.958 0.972  0.945 0.950 
RMSE  40.29 28.01  1.110 0.840  0.386 0.318  0.527 0.504 
Bias  3.424 -0.931  1.113 0.023  0.021 -0.079  -0.076 -0.027 




4.3.5 Real-time analysis 
Real-time analysis of the post-milled granules for the effects of MMD, fines, 
Ee required for milling and milling rate during roller compaction was carried 
out using the set-up described in Experimental Section. The first step required 
the uploading of the NIR-PLS1 calibration models were uploaded into the 
Process Explorer using the OLUP programme for the prediction from the real-
time spectral data. Next, the roller compaction of powder blend containing 6 
% µCPM containing powder blend was carried out according to the process 
described in Section 3.3.7.  
NIR-PLS1 predicted values of post-milled granules for MMD, fines, Ee 
required for milling and milling rate against time along with corresponding 
reference values and findings were plotted in Figure 58, Figure 59, Figure 60 
and Figure 61, respectively. There was good agreement as for previous real-
time analysis of flake attributes was observed between the NIR predicted and 
the corresponding reference values for post-milled granule attributes, Ee 
required for milling and milling rate of flakes. This good agreement between 
the NIR predicted and reference values in real-time for flakes despite its 
undulation could be attributed to the almost complete simulation of the 









Figure 58: PLS1 predicted values of MMD from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 
using reference method as diamonds. 
 
 
Figure 59: PLS1 predicted values of fines from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 






































Figure 60: PLS1 predicted values of Ee from the NIR data collected during 
real-time monitoring of roller compaction. Values determined 
using reference method as diamonds. 
 
 
Figure 61: PLS1 predicted values of milling rate from the NIR data collected 
during real-time monitoring of roller compaction. Values 










































In this study, important aspects concerned with the production and 
comminution of undulated roller compacted flakes were studied. Findings 
obtained gave some insights into the applicability of NIR diffuse reflectance 
spectroscopy for real-time monitoring of roller compaction process and the 
evaluation of process parameters for conical screen milling of roller 
compacted flakes. This conclusion section is divided into different segments 
according to the objectives stated at the beginning to prove the hypotheses of 
the project. Finally, a brief description on the future direction is also given 
which could add further value to the findings of the project. 
First part of the study has demonstrated the successful application of NIR 
diffuse reflectance spectroscopy for monitoring of content uniformity and 
CQA of undulated flakes such as tensile strength, Young’s modulus and 
relative density with a high degree of accuracy during roller compaction. This 
part revealed that judicious selections of appropriate spectral acquisition 
strategy, probe positioning, spectral preprocessing method and beam size were 
very important to minimize the variabilities from undulations of flakes and 
build sensitive calibration models for the prediction of flake’s content 
uniformity and CQA. In this study, flakes were manufactured with a wide 
range of µCPM concentrations and RF values to add robustness to the 
calibration models. 
Among the different spectral acquisition strategies, dynamic mode of spectral 
acquisition was found to improve the sensitivity of the calibration model 
performance compared to static mode. Using the static mode, NIR light travel 
path lengths during each static spectral acquisition were different due to the 
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undulation of flake surface. Dynamic mode of spectral acquisition 
compensated these differences in light path length by continuous movement of 
flakes and resulted in improved calibration models. Moreover, dynamic mode 
of spectral acquisition simulates the condition during NIR real-time 
monitoring roller compaction process. 
Results revealed that appropriate probe position during spectral acquisition 
minimized the effect of flake thickness on off-line calibration model 
development and validation results. Variations in flake thickness were found 
to alter the gap between the probe head and flake surface during spectral 
acquisition and worsen the calibration model sensitivity especially when the 
spectra were captured from the upper side of the moving flakes on the 
conveyor belt. The flake thickness tended to increase with increasing µCPM 
content and RF. Although, increased RF was also sometimes responsible for 
decrease in flake thickness due to breakage of serration on flake surface.  
However, the effect of flake thickness on calibration model sensitivity was 
minimized and the calibration model performance was improved when the 
spectra were captured from the under side of the moving flakes. This 
improvement was attributed to the maintenance of a constant gap between the 
probe head and flake surface during spectral acquisition. The gap was 
relatively constant with the under side spectral acquisition as the flakes were 
always over the two parallel conveyor belts due to gravitational force and 
these belts were supported by a levelled plane. Furthermore, this method of 
probe positioning also simulated the condition of NIR real-time monitoring of 
roller compaction process. 
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The factors of beam size and spectra preprocessing method also played a 
major role in designing a more sensitive and accurate calibration model. 
Therefore, the best calibration models for real-time monitoring of content 
uniformity and CQA of undulated flakes were resulted from SNV followed 1st 
derivative dynamic spectra captured using QR 400 probe from the under side 
of the moving flakes over the conveyor belt. Adequacy of these best 
calibration models for real-time roller compaction process monitoring was 
visible from RMSECV, SEP and external validation results. Finally, the best 
calibration models performed well in real-time monitoring of the roller 
compaction process and showed smallest degree of variation in the prediction 
results.  
Second part of the study demonstrated the evaluation of cone milling process 
parameters for the comminution of roller compacted flakes, in terms of 
granules qualities (size, size distribution and amount of fines), energy 
consumption and milling rate. From this study, it appeared that both the type 
of impeller and screen had played important roles in determining the quality of 
milled granules and milling rate. The impeller and screen, which have pre-
breaking and shearing actions due to their special geometric configuration, 
were best for the comminution of flakes. I-2 impeller and grater screen were 
found to possess these requisites. Either one of them when present in any mill 
setting was found to shorten the residence time of flakes inside the milling 
chamber and resulted in the production of granules of better quality from 
flakes, in terms of granules size, size distribution and fines. On the other hand, 
effective specific energy was mainly influenced by screen type and impeller 
speed. Grater screen and impeller speed around 2000 rpm were found to have 
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the best combination for low energy consumption during milling. No 
significant effect of impeller type was observed on energy consumption.  
The last part of the study focused on NIR-PLS1 calibration model 
development and real-time monitoring of the post-milled granule attributes, 
effective specific energy consumption and milling rate for specific mill 
settings optimized in second part of the study. Real-time analysis revealed 
good agreement between the real-time prediction values and the reference 
values.  
In conclusion, with the proposed set-up, simultaneous determination of 
content uniformity, CQA of the flakes, post-milled granule attributes, effective 
specific milling energy and milling rate from undulated roller compacted 
flakes in a rapid, efficient and non-destructive manner could be achieved. 
Overall, findings of these studies are a step forward towards achieving the 
objectives laid out by the PAT guidelines. 
The studies conducted had revealed many important findings regarding the 
establishment of NIR reflectance spectroscopy as a real-time process 
monitoring tool for undulated roller compacted flakes and controlled size 
reduction of these flakes. However, this research work can be extended for 
better real-time monitoring of the CQA of undulated roller compacted flakes 
by installing distance measurement probe alongside with the NIR probe. 
Measurement of distance between probe and flake surface concurrently during 
NIR spectral acquisition could help to modulate the NIR spectra according to 
spatial distances and minimize the variations in spectra due to undulations, 
curvatures or variations in flake thickness more precisely. In addition, a 
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temperature probe may also be installed together with other probes during 
monitoring of roller compaction. This proposed custom built set-up for off-
line and real-time NIR spectral acquisition could be modified accordingly and 
applied for real-time monitoring of tabletting process, especially for embossed 
or concave shaped tablets. Therefore, it is possible to gain insights into the 
effects of processing and formulation variables on the tablet characteristics 
from the in-process data obtained using NIR spectroscopy. The conical screen 
mill has been successfully employed to mill the undulated roller compacted 
flakes. Further application in size reduction of flakes should be explored using 
different formulations. 
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